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Honda, Motoshi, M.S., May 2008            Resource Conservation 
 
Relationships between Flood Frequency and Riparian Plant Community Structure 
in Mountain Streams of Western Montana 
 
Chairperson: Scott Woods 
 
Flooding is the dominant factor structuring riparian plant communities along large, low 
elevation streams, but it is less clear what role flooding plays in the structure and 
composition of riparian plant communities along mountain streams. In the first part of 
this study, I examined the influence of four environmental variables (flood frequency, 
microtopography, light availability, and soil texture) and spatial heterogeneity on riparian 
plant community structure in seven study areas along mountain streams in western 
Montana, USA. Multivariate and spatial statistics were used to determine the relative 
strength of each set of factors and their interactions in explaining riparian plant 
community structure. Flooding influenced vegetation characteristics by an indirect 
pathway through microtopography in all study areas, whereas the direct influence of 
flooding was found commonly only in three study areas. Other consistent direct 
influences included light (60%) and space (87%). Direct and indirect influences of flood 
frequency through microtopography, and the direct influences of light and vegetation 
patch structure should be included in predictive models of riparian plant community 
structure in mountain streams. Boundary analysis showed that microtopography was an 
important factor for boundary maintenance of riparian plant communities. In the second 
part of the study, the effective flood frequency was determined initially by partial Mantel 
tests between inundation extent associated with each flood frequency and plant 
communities, and the results were compared to floristic characteristics derived from DCA 
and Indicator Species Analysis. Flood frequencies ranging from one to eight years were 
most strongly associated with the understory and overall plant community structure, 
whereas overstory communities were influenced by both frequent (≤ 9 year) and large 
infrequent (≥35 year) floods. Riparian plant communities in mountain streams are mostly 
influenced by frequent flooding but large floods are also important for maintaining spatial 
heterogeneity. 
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INTRODUCTION 
Flood frequency, magnitude and duration are critical controls on riparian plant 
community structure (Poff et al., 1997; Tabacchi et al., 1998). In temperate climates flooding 
exerts a strong selective pressure through its influence on the duration of soil anaerobosis (Blom 
1999, Kozlowski 2002), which is a function of inundation duration (Auble et al. 1994, Toner and 
Keddy 1997). In more arid climates such as the Interior West of the United States, floodwaters 
are often the primary or sole source of soil and groundwater recharge, and riparian plant 
communities include drought intolerant species such as cottonwoods (Populus spp.) that are 
excluded from the rest of the landscape by a lack of water (Harris 1987, Cooper et al. 1999, 
Amlin and Rood 2002, Cooper et al. 2006). The magnitude of the physical stresses imposed on 
plant stems during flood events, which varies with stream power, plays an additional selective 
role in determining species distribution and persistence (Bendix 1999, Scott et al. 1997, 
Mahoney and Rood 1998, Karrenberg et al. 2002). Consequently, riparian plant communities are 
often distributed along gradients of flood frequency, depth and duration, which are closely 
related to the elevation relative to the stream (Sager and Lyon 1997, Merritt and Cooper 2000, 
Chapin et al. 2002).  
Flooding also plays a role in shaping riparian vegetation communities through its effect 
on patch dynamics. Flood-related geomorphic processes, such as scouring and deposition 
(Nanson and Beach 1977, Ewing 1996, Gurnell et al. 2005), channel migration (Everrit 1967, 
Bradley and Smith 1986, Dykaar and Wigington, 2000), avulsion (Cooper et al. 2003, Kalliola 
and Puhakka 1988) and channel narrowing (Friedman et al. 1996, Scott et al. 1996) periodically 
reshape the floodplain topography, remove existing vegetation, and create new areas for riparian 
plant establishment. Over time, new establishment grounds are created, new individuals become 
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established, some communities mature while others are destroyed, resulting in a mosaic of 
vegetation patches with different age structures and in different successional stages (Naiman et 
al. 1988, Gregory et al. 1991, Grant and Swanson 1995). The net effect is that in most riparian 
ecosystems the vegetation structure reflects the combined effect of flood-related environmental 
gradients and patch dynamics associated with flood-related geomorphic processes.  
 
THE ROLE OF FLOODING IN MOUNTAIN STREAMS 
The relationship between flooding and riparian plant community structure is well 
established for low elevation streams and larger rivers, but very few studies have been conducted 
along the small mountain streams that occur in areas such as the Northern Rocky Mountains of 
the western United States. Flooding may well be an important factor in determining plant 
community distribution along montane streams, but a range of factors may complicate or even 
reduce the role of flooding in this type of ecosystem. 
The role of flooding in mountain streams may be limited in the first place by the 
relatively small upstream drainage area, which reduces the overall magnitude of flood events. In 
addition, larger flows do not necessarily result in an increased extent of flooding because the 
greater roughness of the stream bed in mountain streams leads to the development of a two-part 
velocity profile, resulting in a disproportionate increase in velocity with increasing discharge 
(Jarrett 1994) even though the mean flood velocity remains relatively constant in the downstream 
direction (Leopold et al. 1964).  
Hillslope processes such as avalanches, debris flows and landslides influence channel and 
floodplain landforms along mountain streams far more than they do in lower elevation streams 
(Montgomery and Buffington 1993, Fetherston et al. 1995). Management practice and watershed 
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scale disturbance, such as fire, can increase the frequency of such events (Swanson et al. 1998, 
Benda et al. 2003, Miller et al. 2003). Punctuated sediment and debris inputs associated with 
hillslope processes can result in dramatic changes in floodplain topography that have nothing to 
do with flooding, and the occurrence and frequency of these events is hard to predict (Fetherston 
et al. 1995, Grant and Swanson 1995, Swanson et al. 1998, Kirchner et al. 2001, Benda et al. 
2003). The effect of mass wasting and other hillslope processes is made even harder to predict by 
the fact that the severity of coarse debris related geomorphological effects and riparian 
vegetation mortality varies along the stream network (Nakamura et al. 2000). For instance, one 
riparian plant community can be spared from severe damage by coarse debris because it is 
located below a zone with a relatively low gradient, which act as a zone of aggradation, whereas 
other communities are devastated by the same mass wasting event just upstream.  
Another factor that may complicate the role of flooding in montane streams is the 
extreme spatial and temporal variability in the effect of large woody debris on floodplain 
topography, flooding extent and riparian vegetation mortality. Debris jams create localized 
inundation, aggradation and scouring patterns (Abbe and Montgomery 1996, Swanson et al. 
1998, Acker et al. 2003), and floating debris cause localized mortality of riparian vegetation 
(Johnson et al. 2000) but the spatial occurrence of such events is virtually impossible to predict.  
The confined nature of mountain stream valleys enhances moisture availability from 
hillslope runoff and groundwater discharge (Peters et al. 1995), so that the presence of different 
types of species in the riparian zone may reflect the presence of moisture related microclimates 
that are unrelated to flooding (Richardson et al. 2005). The increased influence of upland 
processes within the riparian area of montane streams leads to the occurrence of upland forest 
species (Mouw and Alaback 2003) and to the presence of unique species (Suzuki et al. 2002). 
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Even shade tolerant species, which are typically at an initial disadvantage in riparian areas, may 
occur (Huston and Smith 1987).   
Along conifer-dominated mountain streams, light availability is an important control on 
the understory composition (Pabst and Spies 1998), but the composition of conifer species is 
often more strongly related to factors such as seed source (Beach and Haplem 1996), fire cycle 
(McCune and Allen 1985a, Russell and McBride 2001, Charron and Johnson 2006), and 
historical factors (McCune and Allen 1985b, Timoney et al. 1997) than to the effects of flooding.  
The coexistence of fluvial and hillslope processes, and the high spatial and temporal 
variability of flood-related processes results in a highly heterogeneous riparian landscape in 
mountain streams. In this type of environment, the relationship between flooding and riparian 
plant community structure may be difficult to determine. While environmental conditions such 
as elevation and light availability may be related in part to the effects of flooding, other allogenic 
and autogenic processes acting over time may have decoupled the current conditions from the 
effects of the last major flooding event.  
 
THE IMPORTANCE OF SPATIAL STRUCTURE IN RIPARIAN ECOSYSTEMS  
Spatial autocorrelation or patchiness is the norm rather than the exception in ecological 
systems. In riparian ecosystems, spatial autocorrelation in the vegetation structure reflects in 
large part, the effects of flooding on the creation of favorable establishment sites by deposition of 
sediment and coarse debris (Fetherston et al. 1995, Karrenberg et al. 2003, OConnor et al. 2003, 
van Pelt et al. 2006), the subsequent stability of those sites (Polzin and Rood 2006, Latterell et al. 
2006, Nakamura et al. 2007), and space dependent mortality events due to floated debris 
(Johnson et al. 2000). Autogenic processes, such as changes in the overstory environment (Pabst 
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and Spies 1998, Pabst and Spies 1999), deposition of nurse logs (Fetherston et al. 1995, 
OConnor et al. 2003), and seed dispersal (Nilsson et al. 2002, Gage and Cooper 2005) 
contribute to the patchiness of riparian vegetation structure.  
Given its importance, the spatial structure of vegetation patches should be incorporated 
into analyses of riparian vegetation structure. This can be achieved by including the spatial 
structure of the vegetation patches themselves or by incorporating the spatial structure of the 
environmental factors that may cause patchiness in vegetation structure. The disadvantage of the 
latter approach is that an insignificant relationship between vegetation community structure and 
environmental factors (e.g. geomorphic features) does not necessarily indicate that patch 
dynamics are not important. Rather, it may indicate that the collected data are inadequate to 
describe the spatial factors controlling vegetation patches. Using the spatial structure of 
vegetation patches does not allow the specific processes that create or maintain vegetation 
patches to be identified, but it does allow the importance of patch structure to be compared with 
that of other measured variables. The use of spatial structure of vegetation patches as a surrogate 
for processes that create and maintain vegetation patches in the form of a distance matrix based 
on two dimensional coordinates of sampling plots (Legendre and Troussellier 1988, Leduc et al. 
1992) also enables the effect of environmental gradients and patch structure to be included  in the 
same analysis.   
Studies from alluvial sections of mountain rivers in temperate northern climates indicate 
that patch dynamics are the most important process shaping montane riparian plant communities 
(Gurnell et al. 2001, Poole et al. 2002, OConnor et al. 2003, Latterell et al. 2006). However, in 
narrow mountain streams and along mountain streams in semiarid climates, environmental 
gradients created by past flood events seem to be more important than patch dynamics (Gregory 
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et al. 1991, Pabst and Spies 1998, Rod et al. 2000, Harris 1987, Bendix 1999, Chapin et al. 
2002). The northern Rocky Mountains in western Montana are located at the eastern and 
southern limits of the Pacific maritime influence (Arno 1979). Deep deglaciated mountain 
canyons can harbor some Pacific Coast forest species (e.g. Thuja plicata) in mountain ranges 
located outside of the zone of the maritime influence. This unique eco-geographical setting 
makes the direct application of results from the Pacific Northwest and Traverse Ranges 
questionable, and very few studies have explicitly considered patch dynamics in studies of the 
riparian vegetation structure along montane streams in the Northern Rockies. 
 
MAINTAINING AND RESTORING RIPARIAN ECOSYSTEMS 
Efforts to maintain and restore riparian ecosystems have focused strongly on maintaining 
or re-introducing the key natural processes that determine ecosystem structure and function. 
Maintaining or re-establishing the natural flow regime, including periodic overbank floods, is 
likely to be the most important element of such efforts (Poff et al., 1997; Naiman et al., 2005). 
The challenge is to determine the most appropriate flow and flooding regimes given the 
constraints of a heavily managed and often over-appropriated river network (Bovee and Scott, 
2002). The absence of pre-regulation flow data and comparable reference sites provide additional 
challenges for identifying the natural flow regime. Approaches to developing appropriate flow 
regimes for riparian restoration and maintenance include 1) flushing flows and floodplain 
maintenance flows (Kondolf, 1998; Whiting, 1998); 2) the recruitment box model approach 
(Mahoney and Rood, 1998), 3) the multiple flow methodology (Hill et al., 1991), and 4) the 
bottom-up top-down and combined approaches (Hughes and Rood, 2003).  
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Flushing flows and floodplain maintenance flows are intended to maintain or restore the 
geomorphic integrity of the stream channel and the floodplain, usually on the basis of specified 
sediment transport criteria. The recruitment box approach is based on the well established body 
of research that relates recruitment of cottonwoods and other riparian species to the timing and 
magnitude of flood flows and the rate of floodwater recession. Stage recession rates of 2.5 
cm/day or less are typically specified in order to ensure that the roots of new seedlings can 
maintain contact with the capillary fringe. The multiple flow methodology proposed by hill et al. 
(1991) specifies flows for fisheries, channel, riparian and valley maintenance. Riparian 
maintenance flows, specified on the basis of hydraulic models such as hec-2, are designed to 
provide for periodic inundation of the riparian area by floodwaters. The bottom-up approach to 
flow prescription is to start with an assumption of zero flow and then to add flow as needed to 
maintain geomorphological processes, channel structure, aquatic habitat and floodplain 
vegetation. The top-down approach takes the opposite approach, starting with an assumption of 
no impact to the natural flow regime and identifying the maximum acceptable departure from the 
undisturbed condition under which ecosystem structure and function are maintained.                
Mountains cover 36 percent of North America (Bridges 1990) and mountain streams are 
coming under increasing pressure from recreational and urban development, particularly in 
rapidly growing parts of the American West. Many mountain streams are on public lands, and 
the agencies that administer those lands are charged with maintaining the ecological integrity of 
both terrestrial and aquatic ecosystems. Therefore, it is becoming increasingly important to 
understand the role of flooding for maintaining riparian vegetation along mountain streams, and 
to develop appropriate flow regime prescriptions for riparian vegetation maintenance.  
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OBJECTIVES 
The objectives of this study were to: 1) describe patterns of riparian plant communities 
and their corresponding environmental factors along mountain streams in western Montana; 2) 
develop a general empirical model to predict vegetation community structural patterns from 
environmental factors including flood frequency, shading by overstory vegetation, topography, 
soil texture, and vegetation spatial structure; 3) determine which environmental factors are most 
closely associated with the the location of boundaries of riparian plant communities in mountain 
streams; and 4) determine the effective flood frequency for montane riparian plant 
communities in western Montana as an initial basis for prescribing riparian maintenance flows.  
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METHODS 
STUDY SITES  
The study was conducted at seven sites along three mountain streams in Western 
Montana: (1) Bear Creek (2) Kootenai Creek, both on the eastern slope of the Bitterroot 
Mountains, and (3) Mission Creek on the western slope of the Mission Mountains. These three 
streams were selected based upon the following criteria; 1) at least 15 years of USGS streamflow 
records were available, 2) they were located on public land, 3) little or no hydrological 
modification was documented, and 4) recent fire reports within the watershed were absent. Both 
the Bitterroot and Mission Mountains are in the West hydrological region of Montana, in which 
the annual peak discharge is caused by snowmelt or snowmelt mixed with rain (Parrett and 
Johnson 2004). The northwest part of the region, which includes the Mission Mountains, is 
strongly influenced by moist maritime air masses and is 90% forested with Pacific Coast forest 
species (Arno 1979). The west-central part of the region, which includes the Bitterroot 
Mountains, is drier and less densely forested. The Mission Mountains are underlain by 
metasedimentary rocks of the PreCambrian Belt Supergroup. The Bitterroot Range is underlain 
by a combination of Belt Supergroup rocks and granitic rocks of the Idaho Batholith. Site 
characteristics are summarized in Table 1. 
 
Bear Creek 
The first two study sites were on opposite sides of Bear Creek (Figure 1a) at 1250 m 
elevation (46º 22.955N, 114º 15.447W). Bear Creek, which has a drainage area of 66.8 km2, is 
a C3 type stream (Rosgen 1994) although the sinuosity is lower than what would be expected in 
a C-type channel. Flow data for Bear Creek were collected by the USGS from 1938 to 1956.  
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Annual peak flows for the period of record range from 11 m3 s-1 (388cfs) to 37.9 m3 s-1 
(1340cfs). The dominant overstory species at the Bear Creek sites are Picea engelmannii and 
Taxus brevifolia. Athyrium filix-femina and Calamagrostis canadensis are the dominant 
understory vegetation. Study site BN, north of the creek, is classified as the Abies 
grandis/Athyrium filix-femina habitat type while the other site on the south side of the creek (BS) 
is an unclassified riparian/wetland site due to the presence of wetland attributes (Hansen et 
al.1995).  
 
Kootenai Creek 
Another three study sites were along Kootenai Creek (Figure 1b and c) at an elevation of 
1200 m (46º 32.492N, 114º 11.209W). Two of these study sites (Kootenai Transect 1 North 
and South, KT1N and KT1S respectively) were located on opposite sides of the creek within the 
same section of stream and the third was 100 m downstream on the north side of the creek 
(Kootenai Transect 3, KT3). Kootenai Creek, which has a drainage area of 71.5 km2, is a C2 
channel, but like Bear Creek its sinuosity is unusually low for a C-type stream. Flow data for 
Kootenai Creek were collected by the USGS between 1948 and 1971, and peak flows in the 
period of record range from 10.1 m3 s-1 (356 ft3 s-1) to 36.8 m3 s-1 (1300 ft3 s-1). The dominant 
riparian species at Kootenai Creek are Pinus contorta and Betula papyrifera in the overstory with 
Cornus stolonifera, Boykinia major, and Calamagrostis canadensis in the understory. KT1N is 
an unclassified riparian/wetland site while KT1S falls in the Picea/Calamagrostis canadensis 
habitat type (Hansen et al. 1995). KT3 falls within the Populus trochocarpa/Cornus stolonifera 
habitat type.  
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Mission Creek 
The last two study sites were on opposite sides of Mission Creek (Figure 1d) at 1060 m 
elevation (47º 19.408 N, 113º 58.687 W). Mission Creek has a drainage area of 32.1 km2 and a 
C4 channel. As in the other two creeks the sinuosity is less than the 1.4 lower limit prescribed by 
Rosgen (1984) for C-type streams. Flow data for Mission Creek have been collected since 1983, 
and annual peak flows in the period of record range from 7.4 m3 s-1 (263 ft3 s-1) to 20 m3 s-1 (706 
ft3 s-1). The Mission Creek sites lie within the Thuja plicata/Gymnocarpium dryopteris habitat 
type of Hansen et al. (1995). The dominant vegetation includes Thuja plicata and Alnus incana 
in the overstory and Gymnocarpium dryopteris and Clintonia uniflora in the understory.  
 
VEGETATION SAMPLING 
At each of the seven study sites, sampling was performed within a network of 100 to 203 
16 m2 (4 m x 4 m) quadrats extending from the stream bank towards the valley wall (Figure 2). 
The location of the first quadrat at each site was determined by dividing the stream reach into 1 
meter sections and then randomly selecting one of the meter marks using a random number 
generator. The extent of the quadrat network ranged from 6 to 16 quadrats along the valley and 
from 14 to 25 quadrats across the valley. The quadrat network extended laterally from the stream 
either until a substantial surface elevation increase indicated the topographic limit of the 
floodplain or, in wider stream valleys, to where the vegetation showed little or no change 
between that point and the valley wall.  
 In each 4 x 4 m quadrat, the basal area of all tree and shrub species more than 3.5 cm in 
circumference at the breast height was measured, and the presence-absence of each species was 
recorded. Each 4 x 4 m quadrat was divided into two 2 x 2 m quadrats along the center transect 
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line, and each 2 x 2 m quadrat was stratified into four 0.5 x 0.5 m quadrats (Figure 2). The 
percent cover and presence-absence of smaller shrub species (>30cm in height, <3.5cm in 
circumference) were recorded within the 2  x 2 m quadrats, and percent cover and presence-
absence of herbaceous species (<30cm) were recorded in one or two of the 0.5 x 0.5 m quadrats 
randomly selected along the center line of each 2 x 2 m quadrat. Small shrub and herbaceous 
species data from the 2 x 2 m and 0.5 x 0.5 m quadrats within each 4 m x 4m quadrat were scaled 
up in order to compare different vegetation types and environmental variables at the same 4 x 4 
m scale.  
At the 4 x 4m scale, herb and shrub measures were combined to form understory cover 
and presence-absence data. Herb, shrub, and tree P-A data were combined to provide the total 
species composition data. Binary data were used to form a single matrix for total species 
composition because different quantitative measures were used for overstory and understory 
species, and also because it was not clear which of the two measures for trees (density and basal 
area) were more representative. Species richness was determined from the total number of 
species present in each quadrat. For cases where the same species was present in more than one 
life form (herb, shrub, and tree), the species contribution to species richness was considered 
separately for each vegetation type (see Table 2 and 3 for study area names and summary of 
vegetation measures).  Species were classified as UPL (upland), FACU (facultative upland), 
FAC (facultative), FACW (facultative wetland) and OBL (obligate wetland) according to Reed 
(1988). Quadrats in which the proportion of wetland species (OBL/FACW/FAC) was equal to or 
greater than 50 percent were classified as wetland, and the rest were classified as upland. 
Those species, which did not appear in the list of wetland indicator status, but were generally 
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associated with the forest habitat types of Montana (Pfister et al. 1977), were classified as 
upland. 
 
ENVIRONMENTAL VARIABLES 
Microtopography, light availability, and soil texture were measured in each 4 x 4m 
quadrat. For each quadrat the microtopographic elevation was the mean elevation of all 
topographic survey points within the quadrat. The topographic survey was conducted using a 
total station referenced to a local elevation datum, and approximately 6,000 survey points were 
recorded in each study site. Survey points were located so that rapid changes in surface 
elevation, such as in the vicinity of the stream channel and high flow side channels, were well 
represented. Survey data were used to develop digital topographic (TIN) maps of the study area. 
Prior to all analyses, the mean elevation of each quadrat was standardized according to the 
overall channel slope in order to minimize elevational effects along the valley.  Hemispherical 
photos taken at the center of each 4 by 4m quadrat were used to calculate the canopy openness 
using the Gap Light Analyzer version 2.0 software (Frazer et al. 1999). Ten to fifteen 2.54 by 
10.16 cm soil cores were collected within each 4 m x 4 m quadrat. These samples were 
combined into one sample, which was then analyzed for soil texture using the methods of Gee 
and Bauder (1986).  
 
FLOOD FREQUENCY ANALYSIS 
Elevation is conveniently measured in the field, so it is often used as a surrogate for flood 
frequency in the analysis of riparian vegetation structure. However, elevation does not 
necessarily control plant resources (Austin and Smith 1989), so that vegetation models using 
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elevation as a variable are location specific (Austin 1980). In contrast, modeled relationships 
between flood frequency and species composition can be extrapolated to other sites with similar 
environmental characteristics because flood frequency exerts a strong and direct selective force. 
Using flood frequency rather than elevation as a variable in vegetation data analysis has other 
advantages such as: 1) reducing the effect of small-scale topographic heterogeneity; 2) 
accounting for the non-linear relationship between flood frequency and elevation; and, 3) 
properly describing the effect of flooding in side channels whose stream beds are higher or lower 
than the main channel.  
Flood frequencies were calculated using the historical flow records from gauging stations 
along Bear, Kootenai, and Mission Creeks, and additional flow data collected during this study 
in water years 2005 and 2006. Since neither Bear Creek nor Kootenai Creek have currently 
operational USGS gauging stations, automatic water level recorders (WL 15 Logger, Global 
Water Instrumentation Inc.) were installed at the upstream end of the study reach in each of these 
streams to measure and record the stage height. The record of stage height was used in 
conjunction with a series of up to 13 discharge measurements to develop site specific stage rating 
curves, from which the flow record throughout the summer of 2005 and 2006 could be 
calculated.  
Observation of flows at the study site along with comparison with data from local gages 
indicated that the flow records obtained from both sites in both years included the annual peak 
discharge. The USGS gauging stations at Bear and Kootenai Creek were located 3.1 and 2.2 km, 
respectively, downstream from the study sites, so discharge data from the USGS gages were 
adjusted in accordance with Parrett and Johnson (2004). At Mission Creek, where the currently 
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operational stream gage is less than 1 km from the study site, flow data from the operational gage 
were used without modification.  
The record of annual flood flows at each site was fitted to a Pearson Type III probability 
frequency distribution using the PEAKFQ Version 4.1 software (USGS, 2002), from which the 
annual peak flow associated with 24 recurrence intervals (1.01 years, 2 through 15 years, every 
five years from 15 to 50 year, 75 and 100 years) was determined. Water surface elevations 
associated with these peak flows were then calculated using the HEC-RAS 3.1.3 hydraulic model 
(USACE 2002). HEC-GeoRAS version 4.1.1 (USACE 2005) and ArcGIS version 9.1 (ESRI 
2004) were used to interpolate the cross sectional profiles needed for the one-dimensional HEC-
RAS models, and to project the spatial extent of inundation based on the water levels calculated 
using HEC-RAS.  
The flood frequency required to inundate each quadrat was calculated as the weighted 
average of the shortest flood frequency that inundated each of sixteen equally spaced points 
within the quadrat. For example, a quadrat in which 10 of the points were inundated by the 5 
year event and all 16 points were inundated by the 10 year event would have a flood frequency 
of 6.9 years, instead of 7.5 years. Points that were not inundated by discharges of less than 100 
years were assigned a flood frequency of 100 years in this analysis. Since the calculated flood 
frequencies are based on annual peak flow data, there is an inherent assumption that the only 
flood flow that will inundate a quadrat each year is the annual peak flow. This approach works 
well for streams in western Montana where the annual peak flow, which is driven by spring 
snowmelt, is usually considerably larger than rainfall driven peaks occurring later in the year 
(Parrett and Johnson 2004).  
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QUANTIFYING SPATIAL PATTERNS  
 Many ecological phenomena are spatially autocorrelated, meaning that variables such as 
plant species abundance and composition or the value of an environmental variable at one 
location can be predicted by the same types of information from other locations nearby. Riparian 
zones are often characterized as mosaic of vegetation patches in different successional stages 
(Naiman et al. 1988, Grand and Swanson 1995, Latterell et al. 2006, Nakamura et al. 2007). In 
mountain valleys, spatial patterns can be created by hydrogeomorphic processes (e.g. deposition 
and scouring, channel migration and avulsion, and inundation duration), hillslope processes 
(debris flow, avalanche, and seepage), autogenic procceses (e.g. propagule dispersion, 
facilitation, competiion, and succession) and fire. It is rarely possible, however, to single out one 
process which has created or maintain the observed spatial patterns or patches because those 
processes may interact with each other, are not quantifiable in a practical way, or are simply not 
measurable. Inclusion of the spatial arrangement of plant species composition and abundance 
into analyses does not allow the process or factor creating the spatial pattern to be determined, 
but it does provide deeper insight into riparian plant community structure and composition. The 
spatial patterns in this study represent the spatial pattern of vegetation patches or spatial 
heterogeneity of plant community composition and structure based on their locations in the study 
area.   
  
DATA ANALYSIS  
Riparian plant community characteristics 
I used Detrended Correspondence Analysis (DCA) (Hill 1979, Hill and Gauch 1980), an 
unconstrained ordination method, to characterize riparian plant communities in the seven study 
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areas. Binary data based on total species composition were used to illustrate overall community 
structure. Species were then clustered by the k-means clustering analysis using the first and 
second axes DCA species scores to identify community types (clusters) and their alignment 
along the dominant environmental gradients manifested along the first and second DCA axes. 
The same procedure was repeated for the quantitative vegetation measures. The DCA species 
ordination was important because the species and plot scores, and subsequent clusters of species 
and sampling quadrats, were solely based on vegetation characteristics. Species occurring in less 
than five percent of the quadrats in a study area were omitted prior to conducting DCA on the 
vegetation data. DCA was performed using decorona and stats functions in the R package, 
vegan (Oksanen et al. 2005).  
 
Plant community structure and environment factors 
1) Consistency and strength of flood influences 
In order to gain insight into relationships between environmental variables and plant 
community structure, it is necessary to remove the confounding effects of other variables and to 
incorporate the spatial structure of vegetation patches. Confounding effects or multicolinearity 
(Graham 2003) among measured variables arise due to shared spatial structure, mainly derived 
from a common underlying process (Smouse et al. 1986). In this study, the underlying process is 
likely to be geomorphic in nature and flood-related. Without an adequate statistical control, more 
significant relationships can be observed due to shared spatial structure. One alternative to deal 
with shared spatial structure is to drop confounding variables from the analysis, but this can lead 
to the loss of unique information (James and McCulloch 1990). The other alternative is to 
embrace multicollinearity by controlling for the influence of the confounding variable. Mantel 
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tests (Mantel 1967) and partial Mantel tests (Smouse et al. 1987) allow for the statistical control 
of a third variable while preserving all variables that may influence the vegetation structure. 
Mantel tests compare distance matrices instead of raw data. The use of distance matrices allows 
for the inclusion of spatial structure of vegetation patches by modifying a distance matrix based 
on Euclidian distances among sampling quadrats. The extent of spatial autocorrelation was 
initially estimated from a Mantel correlogram (Sokal et al. 1987), and any distance greater than 
the distance representing the estimated extent of spatial autocorrelation was truncated to that 
distance in the Euclidean distance matrix (Ludec et al. 1992). The use of Mantel and partial 
Mantel tests along with the spatial structure of vegetation patches effectively combined two 
frameworks of analysis to explain plant community structure (environmental gradients and patch 
dynamics) while controlling for the influence of a third variable. 
 
2) Direct and indirect inference pathways 
Given the high degree of shared spatial structure among environmental variables in the 
riparian zone, measured and unmeasured variables are related among themselves creating 
potential multiple pathways from an underlying process. Complex pathways can be clarified by 
testing each association in a framework of a hypothesized inference diagram through a series of 
three way partial Mantel tests (Legendre and Troussellier 1988, Leduc et al. 1992). Embracement 
of multicollinearity through statistical control preserves the structure of variable influences on 
plant community structure. In this study, separate hypothesized inference diagrams were 
developed for plant communities based on understory measures, total species composition, and 
overstory measures, using four variable (flood frequency, microtopography, light availability, 
and soil texture) and vegetation patch structure depicted as space, and three variables (all but 
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light) and space for the latter (Figure 3). Thus, possible Mantel and partial Mantel tests in the 
previous section were constrained in this framework.  
Two inference diagrams assumed flood frequency as the underlying process influencing 
both measurable environmental variables (independent variable) and plant community structure, 
but not the spatial structure of vegetation patches (space), which represent any process which 
creates or maintains the patch structure. All variables show some degrees of spatial structure, 
thus even the spatial pattern of flood frequency is directly influenced by patch creating 
processes. For instance, microtopographic heterogeneity or patchiness in the floodplain may 
have been created by large infrequent flooding events accompanied by an influx of debris, whose 
effects are not readily quantified because the same magnitude of floods may not affect riparian 
plant communities and topography depending on antecedent watershed conditions. An 
insignificant influence of flood frequency on plant community structure does not indicate the 
absence of flood influences on plant communities because flood influences can manifest through 
other variables. For instance, frequently flooded zones can be aggregated depending on factors, 
such as plant establishment and channel migration, leading to the augmentation of surface 
elevation. On the other hand, infrequently flooded zones experience establishment of coniferous 
species, and this changes the light environment. Conceptually, fluvial processes strongly affect 
the floodplain topography; large floods (less frequent but larger power) can leave long lasting 
topographic features whereas frequent flooding can alter microtopography through scouring and 
deposition (Brinson 1990). In this context, flooding processes represented by flood frequency 
were considered as the underlying processes, and arrows only exist pointing from flood 
frequency to microtopography even though indirect pathways of influence of flood frequency 
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through microtopography may not be interpreted in the same way as the indirect pathways of 
flood influences through other variables.  
It is not the intention of this study to present multiple hypotheses for model fitting 
because there were too few replicates of study areas. Different vegetation measures from each 
study areas did not grant statistical independence even though there were ten vegetation 
measures in each study area. A lack of understanding of the riparian plant communities in the 
northern Rocky Mountains also limits my ability to construct multiple hypotheses. Instead, this 
study intends to generate a model or hypothesis which gains most support from the seven study 
areas, and this model can be tested as a part of a multiple hypotheses framework in different 
study areas.     
A matrix of Euclidean distances between quadrats was used to represent the space 
variable (Legendre and Troussellier 1988, Leduc et al. 1992). The extent of spatial 
autocorrelation was initially estimated from a Mantel correlogram (Sokal et al. 1987), and any 
distance greater than the distance representing the estimated extent of spatial autocorrelation was 
truncated to that distance in the Euclidean distance matrix (Leduc et al. 1992). Prior to the 
Mantel correlogram and Mantel tests, the vegetation distance matrices were obtained at the 
community level for ten vegetation measures (Table 3) using the Bray-Curtis dissimilarity 
measure, after standardizing for species maxima (Faith et al. 1987). Eleven Mantel and partial 
Mantel tests were used to test the relationships among the measured variables depicted in the 
hypothesized inference diagram for overstory, and 17 tests were used for the understory. Thirty 
six simultaneous tests were performed for tree measures (tree density, tree basal area, and tree 
presence-absence), so the level of significance was adjusted to 0.000769 according to the 
Bonferroni correction (0.05/65 = 0.000769). Twenty tests were performed for the understory 
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measures (herb, shrub, and understory cover and presence-absence, and species presence-
absence) so the significance level was adjusted to 0.000213 (0.05/235 = 0.000213). For the 
understory, only Mantel statistics whose P-values were less than 0.0002 (P = 0.0001 or < 
0.0001) were included because the precision of P-value was determined up to four significant 
figures using 10,000 random permutation tests, thus the test could not distinquish whether a P- 
value was greater or less than 0.000213 for P = 0.0002. A third matrix was partialled out one at 
time, and the lowest partial Mantel statistics was used to determine the significance of 
associations between two variables. Mantel correlograms were obtained using PASSaGE 
(Version1.0, Rosenberg 2003). Partial Mantel tests were performed using function, mantel, from 
R package vegan (Oksanen et al. 2005).  
 
Plant community changes and environmental boundaries 
Riparian plant community composition and structure may show strong relationships with 
environmental variables, but such strong relationships do not indicate whether changes of plant 
community composition and structure occur gradually or abruptly. In the riparian zone, distinct 
plant communities are assumed to exist (Sabo et al. 2002, more) but the detection of distinct 
plant communities requires a different analytical approach. An ecotone (Holland 1988) is defined 
as a zone of strong temporal fluctuation in homogeneous environments (van der Maarel 1990), is 
different from a gradient (Whittaker 1956, 1967), which represents a gradual change in at least 
one environmental factor (van der Maarel 1990). At an ecotone, plant community composition 
and structure can change abruptly because only a few species are adapted to such strong 
fluctuations. Ecotones can result from large changes in environmental conditions. For instance, 
large topographic relief physically limits fluctuations of periodic inundation or fluctuations of 
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depth to the water table. Boundary analysis (Fortin 1994, Fortin et al. 1996) objectively 
determines the locations of rapid changes (boundaries) in plant communities and environmental 
variables, and compares the spatial co-occurrences of the two types of boundary. Of particular 
interest in this study was the relationship between plant community boundaries and boundaries 
representing transitions in flood frequency, as the presence of a strong association would support 
the hypothesis that flooding is a key factor in determining boundaries associated with riparian 
plant community structure and composition.  
 
1) Consistency and strength of boundary effects 
A strong spatial co-occurrence of environmental and vegetation boundaries indicates that 
the locations of changes associated with plant community structure and composition are affected 
by the locations of changes associated with environmental variables. Four overlap statistics are 
used to test the strength of co-occurrence between the boundary elements (BE) of an 
environmental variable (X) and a vegetation related variable (Y) (Jacquez 1995, Fortin et al. 
1996). The first is the direct overlap statistic (OS), which defines the number of locations where 
both X and Y are present. The second and third are the mean minimum nearest distance statistics 
(OX and OY), which define the average distance from a location of rapid change in X to the 
nearest location of rapid change in Y (and vice versa). Finally, the overall mean minimum 
nearest distance statistic (OXY) is the mean distance from any location on an X or Y boundaries 
to the nearest boundary for the other variable. When there is a high degree of spatial associations 
of boundaries (a positive association), all three distance statistics are low. Large statistics 
indicate repulsion of one boundary to the other or each other (a negative association). 
Relationships are random when neither a positive nor a negative association is found. 
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Interpretation of the results of boundary analysis requires that all four overlap statistics be taken 
into account. For instance, a significantly low OX value indicates that the location of 
environmental boundaries (Ox) affect the location of vegetation boundaries (OY) or vice versa 
(Fortin et al. 1996).  
When a significantly low OY is combined with a significantly high OX (an asymmetrical 
boundary association) or nonsignificant OX, the interpretation of Fortin et al. (1996), that the 
locations of OY affects the location of OX, presents some difficulties. For example, it is plausible 
but unlikely that the locations of understory boundaries affect the locations of environmental 
boundaries, especially light. Instead, I interpret such an association as partial causation, that 
some X boundaries affect Y boundaries while other X boundaries occur randomly or 
systematically far from Y boundaries. Significant direct overlap (OS) alone does not indicate any 
directionality, but two way effects should not be adopted for the same reason as the above, and 
should be interpreted as a partial effect of X boundaries on Y boundaries with some X 
boundaries occurring randomly or systematically farther from Y boundaries. Thus, the following 
three P-value structures are interpreted as a partial boundary in this study when OX is 
insignificant ; 1) significant mean minimum distance from vegetation to environmental 
boundaries (OY → OX), 2) significant direct overlap statistic (OS), and 3) a combination of the 
first two structures. In turn, the boundary effects are interpreted as full when OX is significant 
regardless of results of the other two statistics (OY and OS). The overall mean minimum nearest 
distance statistic (OXY) is not used to determine the type of the boundary effects because its value 
is significant only when both OX and OY are significant in the same direction (positive or 
negative) or one of them is extremely significant and can be insignificant if OX and OY show 
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opposite trends of boundary associations. Thus, the strength of boundary effects can be evaluated 
from the P-value structure (full or partial boundary effects) and the P-values themselves. 
 
2) Relative contributions of boundary effects  
When multiple environmental variables are used to examine a boundary effect on the 
plant community types, more than one variable can affect the vegetation boundaries, but those 
boundary effects may result from a high degree of spatial co-occurrence between environmental 
variables rather than actual boundary effects of variables on the vegetation boundaries. The 
partial Mantel test can control for the effect of a confounding variable statistically by partialling 
out the third variable, while boundary analysis cannot effectively control such an effect. It is, 
however, possible to estimate the relative contribution of the boundary effect associated with 
each environmental variable on vegetation boundaries by sorting out the boundary elements (BE) 
of vegetation boundaries which are shared and unshared among four measured environmental 
variables.  
The statistical significance of spatial co-occurrence of BEs between vegetation and 
environmental variables is calculated in the form of the direct overlap statistics. Because more 
than one variable can occupy the same location of BE, some portions of the direct overlaps 
calculated for between each environmental variable and vegetation are shared among four 
environmental variables. In order to resolve a problem that to which variable shared locations of 
BEs belongs, I used the same framework of the inference diagram, but in this case with 
microtopography being the underlying process affecting flood frequency, soil, and light. 
Floodplain topography in mountain valleys is shaped by fluvial and hillslope processes, and large 
changes of microtopgraphy include terraces and banks of abandoned channels. Such landforms 
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often originate from processes which are highly variable in time and space, such as debris flows, 
debris fans, debris jams, and large scale changes in hydrological regime, and act as physical 
barriers which strongly control inundation extents. Thus, all BEs of plant communities of 
microtopography were counted for microtopography regardless of BEs being shared by the other 
variables. The remaining BEs (unshared by microtopography) were counted for flood, and then 
for both soil and light, such that BEs shared by soil and light were counted for both variables 
because there was no clear inferential causal relationship between those two variables. This 
estimation does not take into account the boundary effects created by the boundary elements 
which are located in proximity (OX and OY). However, both OX and OY are greatly influenced by 
OS because the direct overlap of boundary elements results in zero distance between boundary 
elements of two variables, resulting in a much shorter OX and OY. Thus, this method should yield 
a reasonable estimation of the contribution of boundary effects.  
Vegetation boundaries were obtained from the DCA first axis site scores based on ten 
vegetation measures, and environmental boundaries represented flood frequency, 
microtopography, light availability, and soil texture. The boundary elements were delineated 
using the top 20% of boundary candidates in each category within the spatial extent of each 
study area. Because mean distances and the number of direct overlaps between two boundaries 
are relative to numbers and locations of boundary candidates and the locations of boundary 
elements (BEs), comparisons between the boundary effects of four measured environmental 
variables on the vegetaion community type boundaries must be based on P values. There are 
three (OX, OY and OS) and two (OY and OS) overlap statstics to characterize full and partial 
boundary effects respectively. In order to compare the strength of the boundary effects (P-value 
and number of significant overlap statistics) among different plant community measures and 
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study areas, significant P-values were catergorized as followed; 1 for P < 0.05, 2 for P < 0.01, 3 
for P < 0.001, and 4 for P < 0.0001. The significance of the overlap statistics was determined by 
a completely random 10,000 permutation test. The software BoundarySeer (Anon 2001) was 
used for the boundary analysis.  
 
Quantification of the effective flood frequency 
 Many aspects of riparian vegetation depend on the flooding regime, such that periodic 
flooding has allowed the development of the riparian community types. Small, frequent floods 
influence short term patterns such as seed germination and seedling establishment while medium 
floods, which match the generation times of many tree species, influence tree zonation (Naiman 
and Decamps 1997). Flooding with lower frequencies or longer recurrence intervals does not 
necessarily occur at a fixed time scale, thus the zonation of plant communities may not be related 
to flood frequencies beyond a certain flood frequency. In other words, riparian plant community 
structure is linearly related to flood frequency up to some upper value, and the flows associated 
with such frequencies are defined as the riparian maintenance flow (Hill et al. 1991). The 
methods applied to define maintenance flow by Hill et al. (1991) and Chapin et al. (2002), who 
defined the riparian maintenance flow as the flow that inundates the riparian zone, may not be 
applicable in mountain streams mainly because of the constant input of upland species (Mouw 
and Alaback 2003). Thus, the upper limit of the riparian zone based on riparian species may be 
more diffused. I evaluated the applicability of the method used by Chapin et al. (2002) to define 
the upper limits of the riparian zone in mountain streams, and also evaluated another two 
methods to define the maintenance based upon flood characteristics (inundation extent associated 
with each flood frequency) and floristic characteristics.  
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1) Applicability of the delineation method for the upper riparian limit  
The first step towards defining the riparian maintenance flow for each site was to define 
the spatial extent of the riparian vegetation. Hill et al. (1991) and Chapin et al. (2002) used the 
relative proportion of riparian and upland species to define the outermost edge of the riparian 
area in their study sites. By doing so, several assumptions are implicitly made; 1) riparian and 
upland species decrease and increase respectively with increase in flood frequency, 2) species 
compositions based on wetland indicator status represent changes of plant community types, and 
3) plant communities in two sides of the channel are affected similarly by flooding. The 
applicability of this riparian limit designation was evaluated using two methods by examining 
those three assumptions.  
First, the trend of the riparian-upland species compositional changes with respect to the 
flood frequency was examined by plotting total numbers of riparian and upland species against 
flood frequency. Upland species should increase with increasing recurrence interval while 
riparian species should decrease with increasing recurrence interval. The strength of the 
relationship between flood frequency and the relative numbers of riparian and upland species 
was tested by linear regression analysis.  
Second, the spatial association of the riparian-upland transitions and plant community 
changes based on DCA scores were quantitatively assessed using Boundary analysis (Fortin 
1994, Fortin et al. 1996). The riparian-upland transitions were projected on the map as the 
boundary elements. The boundaries, based on DCA first axis scores for compositional and 
abundance data for herb, shrub, understory, tree, and species, and flood frequency, were 
delineated using the top 10% of the rate of changes as the criteria for the boundary element 
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selection. The spatial co-occurrences of boundaries between the riparian-upland transitions and 
community boundaries were, then, examined using overlap statistics as previously described 
(Jacquez 1995, Fortin et al. 1996). Since the objective was to examine the spatial co-occurrence 
of two boundaries instead of a boundary effect of one to the other, the overall mean minimum 
nearest distance statistic (OXY) needed to be incorporated to determine the significance of spatial 
co-occurrences. The reference distributions were determined for each comparison by unrestricted 
10,000 random permutation tests to determine the significance of the results.  
Finally, the consistency of the relationships between vegetation characteristics and flood 
frequency was examined by comparing the DCA-environment correlations and partial Mantel 
statistics between two study areas located on opposite sides of the stream. Pearson product-
moment correlation coefficients were calculated for the relationship between the first axis scores 
obtained from the DCA analysis and environmental variables in each of the seven study areas.  
For soil texture, an overall correlation coefficient was obtained by averaging the three correlation 
coefficients relating vegetation characteristics to the percent of sand, silt, and clay in the soil 
samples. Both the DCA and the correlation analysis were performed using decorona and stats 
functions in the R package, vegan (Oksanen et al. 2005). 
 
2) Quantification of the effective flood frequency 
2-a. Partial Mantel test 
The effect of flooding on riparian plant communities varies with the frequency of 
flooding as the floods associated with each recurrence interval affect each sampling quadrat 
differently, such that some are affected by frequent flooding but the others area not. However, 
these varying effects cannot be estimated by the Mantel test using the weighted value of flood 
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frequencies because the weighted average only provides an average recurrence interval of the 
quadrat, not the different effects of each recurrence interval. These differential effects can be 
assessed by calculating partial Mantel statistics between vegetation and inundation extents 
associated with different flood frequencies and then plotting the resulting statistics against flood 
frequency. Spatial variability of the flooding effect with varying flood frequency is represented 
by calculating the cumulative percent inundation for each quadrat at each flood frequency. The 
result is a matrix (quadrat x flood frequency) in which each quadrat is assigned a percent area 
inundated.  In this study, the percent area inundated in each quadrat at each flood frequency was 
obtained by counting the proportion of the sixteen points within the quadrat that were inundated 
at each recurrence interval according to the results of the HEC-RAS analysis described earlier.  
The relationship between the partial Mantel statistics and flood frequency is most likely 
to be unimodal. Low values of the partial Mantel statistic at high flood frequencies reflect the 
fact that almost none of the quadrats are inundated, so that the Euclidian distances between 
quadrats are zero while ecological distances based on vegetation characteristics are not. 
Similarly, at very low flood frequencies almost all of the quadrats are 100 percent inundated, so 
Euclidean distances are again close to zero. The unimodal peak may be skewed to the right in 
cases where the change in water surface level decreases with increased discharge due to a wider 
channel and floodplain, or because prolonged recurrence intervals with larger floods result in 
decreased predictability of occurrence so that flood effects on plant communities at different 
recurrence intervals are indistinguishable. A right skew may also occur if a large part of the 
floodplain is relatively flat, so that high frequency floods can inundate most of the quadrats. A 
left skewed unimodal relationship is unlikely because it will only occur if; 1) there is little or no 
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change in plant communities in more frequently inundated areas, and 2) the percent inundation 
shows little or no change at high flood frequencies but large changes at lower flood frequencies.  
Other possible relationships between the partial Mantel statistic and flood frequency 
include; 1) a monotonic decrease, 2) a monotonic increase, and 3) no change.  A monotonic 
decrease indicates that plant community changes are more strongly associated with higher flood 
frequencies, which is the most likely scenario. A monotonic increase is unlikely because it 
indicates that the largest changes in vegetation are associated with infrequent floods. No change 
may be observed in a situation where some of the plant communities lie above the extent of the 
100 year flood. In this case, the maximum statistics reflect the inundation of a few of the plant 
communities, after which no further increase can occur because there is no further change in 
vegetation composition. The same situation can occur when there is no or very little change of 
inundation extent due to topographic constraints, such as a terrace, so that the strength of the 
relationship between plant community and inundation extent remains invariable above a certain 
recurrence interval.   
The effective flood frequency was defined as the flood frequency corresponding to the 
highest partial Mantel statistic, or as a range of flood frequencies extending from the highest 
flood frequency to the flood frequency whose upper 95 percent confidence intervals no longer 
overlapped with the lower 95 percent confidence interval of the highest partial Mantel statistic. 
Mantel tests were performed between vegetation distance matrices, based on quantitative 
measures from different vegetation types (except species, for which presence-absence data were 
used), and cumulative percent inundation by selecting one recurrence interval a time. There were 
twenty four Mantel tests for each vegetation type, and these were later extended to include 
space and other environmental variables in the form of partial Mantel tests (five tests for each 
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recurrence interval for understory measures and four tests for overstory measures). The level of 
significance for understory and species measures was adjusted to 0.00013 (0.05/384 = 0.00013, 
96 repeated tests for each measure) according to the Bonferroni correction. For quantitative tree 
measures, the level of significance was adjusted to 0.000347 (0.05/144 = 0.000347, 72 repeated 
tests for each measure).  
 
2-b. Floodplain topography  
Floodplain topography can affect riparian vegetation characteristics by greatly 
influencing the routing and velocity of floodwater, and hence the duration and extent of flooding. 
In this section, relationships between inundation extent and floristic characteristics were 
examined by two methods. First, the inundation extent of the one year recurrence interval flood 
was correlated with subsequent recurrence intervals to elucidate changes in inundation extents 
through the 24 recurrence intervals.  Second, Detrended Correspondence Analysis (DCA) site 
scores were grouped according to sampling quadrat inundation extents to determine the 
recurrence interval with the maximum among group dissimilarities by Multi Response 
Permutation Procedure (MRPP, Biondini et al. 1985, Zimmerman et al. 1985). Four groups were 
created for each recurrence intervals; 1) Group 1 with 0 to 10% inundation, 2) Group 2 with 10 
to 50% inundation, 3) Group 3 with 50 to 90% inundation, and 4) Group 4 with 90 to 100% 
inundation. For each recurrence interval, A value (a chance-corrected estimate of the distances 
explained by group identity) was obtained for different vegetation measures with significant 
partial Mantel statistics in the previous section, and a pattern of A value was then obtained. The 
recurrence intervals with the maximum between group dissimilarity or the maximum A value 
should coincide with those with the maximum partial Mantel statistics, but not necessarily with 
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the flood boundaries as the boundary analysis only recognizes changes of vegetation 
characteristics of adjacent quadrats. MRPP was performed using function, mrpp, from R package 
vegan (Oksanen et al. 2005) with group size used for group weights. 
 
2-c. Floristic characteristics 
Species clusters obtained from DCA species ordination reflect pure vegetation 
characteristics along a dominant environmental gradient, and sampling quadrats can be also 
aligned along the same gradient in a DCA plot ordination. Alphabetical designation was given to 
each DCA cluster according to its location along the gradient along flood frequency. For 
instance, A represents a cluster located toward more frequent flooding whereas C/D represents 
a cluster located toward less frequent flooding, but designation of clusters are not affected by 
environmental data used in the study. On the other hand, Indicator Species Analysis (ISA) 
(Dufrene and Legendre 1997) requires specification of membership or affiliation of a sampling 
quadrat to predetermined groups. Thus, grouping of indicator species is constrained by group 
affiliation of sampling quadrats. This feature of ISA can be used to compare species affiliation of 
indicator species based on ISA to cluster affiliation of the same species based on DCA because 
the predetermined groups are allowed to change accordingly to changes in inundation extents of 
sampling quadrats through the range of the reoccurrence intervals used in this study; group 
affiliation of sampling quadrats change from Group 1 (0 to 10% inundation) toward Group 4 (90 
to 100% inundation) (see the previous section for detail). Inevitably indicator species change 
their affiliation to the group with change in recurrence intervals. For instance, species found 
toward frequent flooding along the DCA axis should belong to Group 4 as indicator species. But 
with an increase in recurrence intervals more sampling quadrats, which are located toward less 
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frequent flooding, become incorporated into Group 4, resulting in increased P-value or decreased 
indicators value of the species to such an extent that the species are no longer indicator species. 
This is true for indicator species of all groups, but indicator species of Group 1 can show 
decreased P-value (or increased indicator value) with increase in recurrence intervals because at 
shorter recurrence intervals more quadrats are grouped as Group 1 due to limited extents of 
inundation associated with frequent floods, but some of those quadrats do not show vegetation 
characteristics of less frequently flooded quadrats in a DCA plot ordination. With increase in 
recurrence intervals, only those with true characteristics of less frequently inundated quadrats. 
Consequently, through out the range of recurrence intervals, some species are lost and some 
species are gained while others remain same, and at some recurrence intervals a largest number 
of indicator species appear in the right group, such that the affiliated group of the indicator 
species matches the DCA cluster locations along the gradient created by flood frequency. A 
species composition of the DCA cluster (A to D) (see the section under Riparian plant 
community characteristics) was compared to group affiliation of indicator species based on ISA 
to determine such recurrence intervals.  
Grouping of ISA was based on inundation extent, thus more Group 4 indicator species 
(90-100% inundation) should be found more commonly in the cluster A and vice verse (Group 1 
in the cluster C/D). The consistency (or Consistency Index) was determined based on degree of 
agreement between clusters and group affiliations along the gradient of flood frequency by 
calculating a percent deviation of group affiliation from the cluster designation. The following 
equation was used; 
δ
γ
βα
α ×
±
=
) (
 Index Constancy  
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α indicates a DCA cluster number (1 to 4∗ ), β indicates an average deviation from a DCA cluster 
number, γ indicates a number of indicator species in a corresponding group (A to D 
corresponding to 1 to 4), and δ indicates a total number of indicator species present in a 
corresponding group. A sing between β and α takes minus or subtraction for Group 1 or Cluster 
C or D while plus or addition for all other groups or clusters. The maximum index value (1) is 
obtained when the group affiliation (1 to 4) of all indicator species in the cluster matches to the 
cluster designation (A to C/D) and all species in the group are present. For example, when all 
species in the cluster A belong to Group 4, there is no difference between the cluster designation 
and group affiliation, and a value obtained by dividing a cluster designation (α) by an observed 
deviation (cluster designation (α) ± mean deviation (β)) is one. It is also necessary to examine 
how well clusters are represented by indicator species (consistency of species occurrence in the 
cluster) because high consistency value may be assigned even when one right species was 
present if only the first type of consistency were examined. Consistency of species occurrence in 
the cluster, thus, was examined simultaneously by dividing a total number of indicator species in 
the cluster (γ) by a number of all indicator species in the cluster (δ). More species present in the 
cluster result in higher values of consistency for the cluster. Those two consistency values are 
then multiplied to obtain Consistency Index. I assumed the high correspondence of DCA and 
ISA should occur at the effective flood frequency obtained from partial Mantel test.  
Indicator species was defined as a species whose indicator value is highly significant at P 
< 0.0001, and only a group with the highest indicator values was used as the affiliated group of 
the species at the recurrence interval. Species which were found at least one significant indicator 
                                                
 
∗  DCA cluster A was set to a numerical value four corresponding to Group 4 while DCA cluster C or D was set to 
one. DCA cluster C was set to one for three clusters while two was used for four clusters. DCA cluster B was set to 
2.5 for three clusters while three for four clusters. 
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value through 24 recurrence intervals in ISA were selected in this section prior to calculating 
Consistency Index even though both DCA and ISA were run with all observed species. It is not 
the objective of this study to consider all observed species in this section because some species 
do not appear to follow the gradient created by flood frequency. Twenty four ISA were 
performed for the vegetation measure with at least one significant partial Mantel statistic from 
the section 2-a, and group affiliations and P-values were recorded. Indicator Species Analysis 
was performed by PCord (McCune and Mefford 1999).  
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RESULTS 
GENERAL VEGETATION CHARACTERISTICS 
The study sites located in two mountain ranges of western Montana were extremely 
diverse, with over 200 vascular plant species found in some study areas. Mnay important 
differences between study areas were detected reflecting both local and regional biogeographical 
patterns. More plant species were found in the Kootenai Creek study sites (KT1N, KT1S, and 
KT3) than at the other two sites, but when the sampling intensity was taken into account, the 
largest number of species per plot was found in the Mission South study area (MS) (Table 4). Of 
the two study sites in the Bitterroot Mountains, Kootenai Creek sites had more species for all 
three vegetation types. In the Mission Creek site, the north side sites consistently had a higher 
numbers of species, but this trend may be attributable to the larger spatial extent of the study 
areas in the north (203 comparing 100 in the south). Only 14 herb, 12 shrub, and six tree species 
were found in common among all seven study areas (Table 5). Only one obligate wetland species 
(Reed 1988), Glyceria elata, was found commonly in all study areas while Carex aquatilis was 
found in wetland sites in the Bitterroot Mountains. Common facultative wetland species 
herbaceous species include Angelica arguta, Calmagrostis canadensis, and Cina latifolia. 
Boykinia major, Senecio triangularis, and Agrostis idahoensis were also facultative wetland 
species, but their presences was limited in the Bitterroot sites for first two species and in 
Kootenai Creek site for the last species. Facultative wetland shrub species include Alnus incana, 
Cornus stolonifera, and Lonicera involucrate. Prunella vulgaris (herb) and Rubus idaeus (shrub), 
which are facultative upland species, were found in frequently flooded areas. Only one 
facultative wetland tree-shrub species, Alnus incana, was found commonly while common 
facultative tree species included Picea engelmannii, and Populus balsamifera. Other facultative 
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species, Pinus contorta and Thuja plicata were limited in the Kootenai and Mission Creek sites 
respectively. 
Ordination of the plant compostion data show a general trend of changes in plant 
community structure following a gradient represented by flood frequency. The first DCA axis in 
six of the seven study areas was interpreted to be a flood frequency gradient (Figure 4a to g). 
Three to four species clusters of plant communities were observed. The species poor Bear Creek 
site have fewer indicator species, but still had three distinct clusters. Bear South (BS) was the 
only site with weak correlations between the first axis DCA species scores and flood frequency, 
suggesting a weak influence of flooding on plant community structure or greater importance of 
other environmental factors on this site. Interpretation of the second axis is much more difficult 
as only one site had a significant correlation with a measured environmental variable. Kootenai 
Transect 1 North (KT1N) shows a clear trend of light availability (less shade) along the second 
axis.  
The Bear Creek site (Figure 4a and b) had three species clusters in both sides of the 
creek, but only five species were found on both sides and in the same cluster (Circaea alpina, 
Glyceria elata, Boykinia major, Linnaea borealis, Menziesia ferruginea). Two species (Rubus 
idaeus and Symphoricarpos albus) were found on the both sides but in different clusters. Tree 
species were different on each side of the creek; the south side was represented by shrub type 
small trees (Taxus brevifolia and Philadelphus lewisii) whereas in the north sides tall coniferous 
trees (Larix occidentales and Picea engelmannii) were common. In the Kootenai Creek site 
(Figure 4c to e), Boykinia major and Calmagrostis canadensis were consistently found in cluster 
A in all three study areas. Wetland facultative species, such as Carex aquatilis and Juncus 
effuses, were found commonly in KT1S because of its wetland attributes. Linnaea borealis, 
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Amelanchier alnifolia, Symphoricarpos albus, and Abies lasiocarpa were found consistently in 
the less frequently flooded clusters, while cluster affiliations of facultative species such as Alnus 
incana and Populus balsamifera, varied between study areas. More species were shared between 
the two study areas located in the north side of the creek (KT1N and KT3) than between those 
two and KT1S but some graminoid species (Agrostis idahoensis, Glyceria elata, and Cina 
latifolia) were only found in Kootenai Transect 1 site (KT1N and KT3). Thus, similarities of 
plant community structure can arise from longitudinal location relative to a river network and the 
aspect of the hillslope adjacent to the study area. Many species were found commonly in the 
Mission Creek sites (Figure 4f and g), and many of those species appeared in the clusters located 
toward the same end of flood frequency. Common species in clusters A and B include Aster 
eatonii, Poa pratensis, Betula papyrifera, Rubus idaeus, and Alnus incana, and seedlings of 
Picea engelmannii, Pseudotsuga menziesii, Thuja plicata were also found in clusters A and B. In 
clusters C and D, Linnaea borealis, Cornus canadensis, Gymnocarpium dryopteris, Mitella 
stauropetala, Rubus parviflorus, Symphoricarpos albus for understory and Picea engelmannii 
and Thuja plicata for overstory were common.  
Cluster affiliations of common species for different vegetation measures are summarized 
in Table 6-a and 6-b. Agrostis idahoensis, Calmagrostis canadensis, Glyceria elata, Populus 
balsamifera, and Senecio triangularis were commonly found in cluster A while Alnus incana, 
Aster eatonii, Betula papyrifera, Boykinia major and Rubus idaeus were found in both cluster A 
and B/C (middle cluster). Nine species were found commonly in cluster B/C, which included 
facultative (Aster occidentalis, Equisetum arvense, Picea engelmannii, Ribes lacustre, and Rubus 
parviflorus) and facultative upland species (Abies grandis, Abies lasiocarpa, and Menziesia 
ferruginea). Seven species were found commonly only in cluster C/D (Arnica cordifolia, 
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Amelanchier alnifolia, Chimaphila umbellata, Clintonia uniflora, Mahonia repens, Osmorhiza 
chilensis, and Philadelphus lewisii) and all species except one were either facultative upland or 
common forest species in western Montana (Pfister et al. 1977). Two facultative (Acer glabrum 
and Smilacina stellata) and three facultative upland (Linnaea borealis, Rosa acicularis, and 
Symphoricarpos albus) species were commonly found in both cluster B/C and C/D. One 
facultative wetland species (Cornus stolonifera) was also found in cluster B/C and C/D. A 
general agreement between species DCA clusters and wetland indicator status was observed, but 
some species were found shifted toward the opposite ends of their preference, such as Cornus 
stolonifera and Alinus incana (toward the less frequent flooding) and Rubus idaeus (toward more 
frequent flooding).  
 
PLANT COMMUNITY STRUCTURE AND THEIR RELATIONSHIP TO ENVIRONMENTAL 
FACTORS 
1) Consistency and strength of flood influences 
 Flood frequency was most closely correlated with overstory structure whereas changes in 
understory community structure and composition were mostly correlated with microtopography 
and light availability (Table 7). Flood frequency (flooding) was found to be significant in only 
52% of understory measures and 48% of overstory measures. For understory measures, flooding 
was the third most consistent variable following microtopography (67%) and light (60%). For 
overstory communities, flooding was the most consistent variable because the other measured 
variables (microtopography and soil) were very inconsistent (19% and 5% respectively). 
Microtopography and light had a significant influence on six of seven overall plant community 
composition measures (86%), but the consistency for flooding (57%) did not differ much from 
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the measures associated with other vegetation types. Flooding was the dominant factor when a 
direct influence was detected as indicated by the mean significant partial Mantel statistics (r = 
0.28) followed by microtopography (r = 0.23) and light (r = 0.21) for all vegetation measures.  
The influence of flood frequency on vegetation characteristics varied widely among study 
areas, suggesting that differences in the hydrogeomorphic characteristics of the streams played 
an important role in these relationships. The direct influence of flood on plant communities was 
significant for eight or more vegetation characteristics in only three of the seven study areas 
(Table 8). The other three study areas showed a direct flood influence on no more than one 
characteristic. Mean significant partial Mantel statistics were high (r > 0.27) in two study areas 
with high consistency (KT3 and MS). Light availability showed a high consistency or an 
important role in some study areas (>70% of vegetation measures showing a significant 
correlation with flood), but not in the others (<45%). Microtopography was the most consistent 
factor among study areas (>50% in all study areas but one), and the strength of the mean partial 
Mantel statistic for this variable was more uniform throughout the study areas.  
The type of vegetation measure (abundance or composition) did not show large 
differences in significant correlations with environmental variables even though compositional 
data showed slightly higher numbers of significant correlations for both understory and overstory 
vegetation measures (Figure 5). Plant community structure and composition in the same study 
area tended to show similar correlation structures with environmental variables, and vegetation 
measures based on different vegetation types (herb, shrub, combined understory, overstory, and 
overall plant) also tended to show similar correlation structures. Thus, it is the variable 
importance of hydrogeomorphic (flooding, microtopogarphy, and soil) and autogenic (light) 
processes on riparian plant communities, rather than vegetation type (e.g. herb vs. shrub) or 
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vegetation measure (e.g. cover vs. P-A) that determines the strength and consistency of 
correlations.  
The influence of patch structure or spatial heterogeneity (space) was found more 
consistently associated with changes in plant community structure and composition than any 
environmental variables among the different vegetation types and study areas. For different 
vegetation types, the frequency of significant spatial influences ranged from 67% for overstory 
measures to 100% for total species composition. In four of the study areas, all ten vegetation 
measures showed significant spatial influences, while the frequencies of the other three ranged 
between 60 and 80% (Table 7 and 8). The strength of the partial Mantel statistics was moderate 
and did not show high variability among vegetation types and study areas, ranging from 0.10 to 
0.22. Thus, the direct spatial influence on vegetation was consistent but its strength was only 
moderate.   
 
2) Variable interactions 
Understory and overall plant communities were mostly influenced by multiple variables, 
whereas a single variable pattern with a direct influence of flood frequency was observed for 
most overstory communities (Figure 6). Patterns with four or more variables were found most 
commonly in 50% or more herb, understory, and species measures whereas two-variable patterns 
were the most common for the shrub measures. Two or fewer variables were associated with 
overstory measures in all but only one overstory tree density measure. S-E-So-L (S = space, E = 
microtopography, So = soil, L = light) was the most common pattern among herb measures 
whereas S-E was found most frequently for shrub measures. S-F-E-L (F = Flood) and S-E were 
the most common for understory measures, and S-F-E-L was the most commn for total species 
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composition. For overstory vegetation, single variable patterns of S or F and combined patterns 
of S-F were found in 15 of 21 measures. Direct flood influences were present in 36 vegetation 
measures (22 understory, four species, and ten overstory) and absent in 32 vegetation measures 
(23 understory, three species, nine overstory).  
 
3) Direct and indirect pathways of influence 
Inference diagrams constructed based on the frequency of significant associations of all 
study sites showed strong and consistent correlations between flood and microtopography, which 
resulted in a consistent indirect influence of flooding on understory and overall community 
structure and composition through microtopography (Figure 7). A spatial influence on 
microtopography was found in all study areas (69 of 70 vegetation measures), but the influence 
was much weaker (r = 0.16) than the flood influence (r = 0.63). Light was influenced mainly by 
space (39 of 49 measures in mostly six study areas) and infrequently by flood (14 of 49 in two 
study areas), but most spatial influences were weak, ranging between 0.05 and 0.14. Understory 
measures and total species composition showed similar inference diagrams with direct and 
indirect pathways from flood and space to vegetation through microtopography, and a direct 
influence of light. For overstory communities, only direct influences of flooding and space were 
found.   
Vegetation structure was indirectly influenced by flood through its relationship to 
microtopography (Table 9). Three types of pathway of flood influences were observed; 1) direct 
influence alone (13 of 58), 2) indirect influence (indirect pathway) alone (24 of 58), and 3) three 
way association (21 of 58). All indirect pathways were found through microtopography while 
three way associations were formed with microtopography (11of 21) or light (5 of 21) or both (5 
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of 21). Approximately two thirds of direct light influences on vegetation were found as part of 
indirect pathways of weak spatial influence but independently from a flood influence, suggesting 
decoupling of flood processes from those controlling the light environment. Soil texture was 
mostly found to form three way associations with microtopography (10 of 15) but was mostly 
limited to two study areas (BN and MN) where a direct microtopographic influence on soil was 
present.  
 
PLANT COMMUNITY CHANGES AND ENVIRONMENTAL BOUNDARIES 
1) Consistency and strength of flood boundary effects 
 All seven study areas had significant boundary associations between flood frequency and 
microtopogaphy, but the boundary effect was partial in six of the seven study areas (Table 10). 
The partial boundary effects of microtopography on flooding indicate that while the location of 
microtopographic boundaries affects the location of flood boundaries, the locations of some 
flood boundaries are not affected by microtopographic boundaries. With the exception of one 
study site (MS), stronger and more consistent boundary effects of microtopography on soil and 
light were found than the flood boundary effects on those two variables. The consistent and 
strong boundary effects of microtopography on the other three variables suggest that 
microtopographic boundaries affect the boundaries of plant community structure and 
composition indirectly through other variables.  
Large changes (boundaries) in flood frequency (flooding) and microtopography were 
more closely related to changes in the plant community structure and composition than changes 
in either soil texture or shading by overstory vegetation (light) as 47% and 66% of the plant 
community type boundaries were affected by the boundaries of flooding and microtopography 
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respectively whereas only 24% and 37% of the vegetation boundaries were affected by soil and 
light boundaries respectively (Table 11). Consistent boundary effects of flooding were only 
found for changes associated with understory structure (71%) and overall community 
composition (87%) while consistent boundary effects of microtopography was found for the 
changes in herb and understory community structure and composition and total species 
composition with higher consistency for the former two (100% for herb and understory).  
Boundary effects on compositional measures for herb and understory were also higher (≥71%). 
The boundary effects of both variables were less consistent for overstory communities (≤ 43%).  
Consistent boundary effects of soil and light were found for overstory community structure and 
composition (57%) and shrub community composition (71%) respectively. Variability among 
study areas was high as in the case for partial Mantel tests, particularly soil and light, which 
ranged between 0% and 90% (Figure 8). Boundary effects of microtopography were most 
consistent among the measured four environmental variables as the consistency ranged from 
40% to 90%. Unlike the partial Mantel tests, the site variability appears to arise from different 
degrees of manifestation of the boundary effects on the community types with low consistency 
(e.g. shrub and overstory).  
The boundary effects of flooding were strongest among the environmental variables, and 
the strong boundary effects were found mostly among quantitative community measures (Table 
12). A full boundary effect indicates stronger boundary effects because of the structure of 
significant overlap statistics, and this structural strength was mostly in accordance with the 
strength of P-values of significant overlap statistics (lower P-value or higher numbers of the P-
value categories) except the light boundary effects which showed consistently lower P-values for 
the partial boundary effects. The flood boundary effects were strong for the boundaries of herb 
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and overstory community composition and understory community structure with mean P-values 
(≥ 3.17 or P < 0.001). Boundary effects of microtopography were strongest for the boundaries of 
herb communities (2.17 and 2.33 or P < 0.01) and understory community structure (2.27 or P < 
0.01), but such effects were mostly weaker than the soil boundary effects (2.33 and 2.67 or P < 
0.01). Boundary effects of soil and light were stronger (> 2.00 or P < 0.01) than those of 
microtopography and flooding for shrub boundaries (community structure and composition) amd 
overall community composition. The locations of changes in herb, understory, and overall 
community structure and composition are more strongly affected by the locations of the flood 
boundaries, but the locations of changes in shrub and overall community structure (shrub only) 
and composition are more strongly affected by the boundaries of soil and light.  
 
2) Relative contributions of boundary effects 
The percentage of plant community boundary elements explained by the four 
environmental variables was mostly less than 70%. The boundaries of total species composition 
were most effectively explained by the environmental variables (80%), whereas the percentages 
were much lower for overstory community measures (<30%) (Figure 9). Thus, some portion of 
the boundary elements are unexplained by direct overlap with the environmental variables, 
particularly for the overstory measures. The estimated relative contribution must be interpreted 
in this context and is applied only to the portions of the boundary co-occurrence based on direct 
overlap.  
The largest relative contribution of boundary effects was found for microtopography 
(57%), much higher than the other three variables which ranged between 13% and 18% (Table 
13). There were only small differences overall in the relative contributions among different 
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community measures. The boundary effects accounted for by full or partial boundary effects 
were more variable and generally in accordance with the strength of the boundary effects for 
both full and partial boundary effects. The highest relative contributions of the boundary effects 
of flood (0.30 for full), soil (0.26 for full), and light (0.28 for partial) among different community 
measures were found for the shrub community measures. Relative contributions of 
microtopography, which were not accounted for by the significant boundary effects, were much 
higher (≥ 0.36) for all community measures than the relative contributions of the other three 
variables. These results suggest that a large portion of the boundary effects based on direct 
overlap of the boundary elements was explained by the boundary effects of microtopography, 
thus changes in microtopography were an important factor affecting the changes in plant 
community structure and composition.  
 
3) Direct and indirect inference pathways 
The inference diagrams based on the relative contributions of the boundary effects of 
environmental variables show that microtopography is the dominant boundary forming or 
maintaining factor as its effects are manifested through both direct and indirect pathways (Figure 
10). An indirect pathway of the microtopographic boundary effects through flooding was 
common (>83%), but the relative contribution by flooding was far smaller than that of 
microtopography (overall mean of 0.57 for microtopography and 0.18 for flooding). Four of 
seven study areas showed boundary effects of microtopography on the soil and light 
boundariesand over 80% of the direct boundary effects of soil (94% or 1 of 16 measures) and 
light (83% or 3 of 18 measures) represented indirect boundary effects of microtopography 
through these two variables. Thus, consistent boundary effects of flooding and light on overall 
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species composition are accounted for largely by the indirect boundary effects of 
microtopography. Small relative contributions by the three environmental variables (flooding, 
soil, and light) indicate that the indirect effects of microtopography via these variables are 
relatively unimportant for changes in plant community structure and composition.  
 
QUANTIFICATION OF THE EFFECTIVE FLOOD FREQUENCY  
1) Applicability of the delineation methods for the upper riparian limit 
1-a. Riparian and upland species trends 
 Analysis of the relationship between the abundance of riparian versus upland species 
along a gradient of flood frequency indicated an overall decrease in riparian species and an 
increase in upland species with decreasing flood frequency (Table 14). Five of the seven study 
areas showed a significant decline in riparian species along the flood frequency gradient whereas 
four study areas showed a significant increase in upland species. However, only two study areas 
(KT1N and KT3) had both a significant decrease in riparian species and a significant increase in 
upland species along the flood frequency gradient. Increases of upland species and decreases  of 
riparian species along the flood frequency gradient  should therefore not be assumed to occur in 
the mountain stream systems where this study was conducted.  
 
1-b. Spatial co-occurrence of riparian-upland transition boundaries 
The locations of the riparian-upland species transitions were affected by the locations of 
flood boundaries in only three of seven study areas. Spatial co-occurrences between the riparian-
upland species transitions and plant community boundaries were also inconsistent and weak 
(Table 15). All three flood frequency boundary effects on the transitions were asymmetrical with 
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some riparian-upland transitions located farther from the flood transitions, indicating that some 
transitions are negatively affected by the flood boundaries. 
Only two vegetation measures (herb cover and P-A) in KT1N had highly significant 
boundary associations with the transitions as all four significant overlap statistics were 
significant at P < 0.001. Only four of the 17 other vegetation measures showed two significant 
overlap statistics (OX or OY and OS) but all at P < 0.05. Two significant overlap statistics for 
shrub cover in KT1N represent an extreme OX instead of a symmetrical association. The 
remaining boundary associations (13 of 70 vegetation measures) had only one overlap statistic, 
all but one at P < 0.05, indicating weak and inconsistent boundary associations between the 
transitions and the community boundaries. Only two sites (BS and KT1S) had significant 
boundary associations between the transition and total species composition even though the 
riparian-upland transitions were based on all species of all three vegetation forms (herb, shrub, 
and tree). In study areas BS, KT1S, and KT3, of ten vegetation measures with significant 
boundary associations with the transitions, three showed two significant overlap statistics, and all 
the associations were significant at P < 0.05. This suggests that in those study areas the riparian-
upland transitions are ecologically meaningful, but flood frequency only weakly affects the 
riparian-upland transitions.  
 
1-c. Consistency between study areas 
The strength of significant relationships between flood frequency and vegetation 
measures were different between study areas on opposite sides of the stream (Figure 11). One 
study site (Kootenai Transect 1) showed similar strength of DCA-environment correlations on 
both sides of the stream, but the pattern became dissimilar for the partial Mantel test after 
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partialling out shared spatial structure. In the Bear Creek site, the strength of the relationships 
became similar after partialling out shared spatial structures, but all but one vegetation measure 
was insignificant. In the Mission Creek site, the south side consistently showed stronger 
relationships between flood frequency and all vegetation measures. These results indicate that in 
the mountain streams where this study was conducted plant communities in two sides of the 
creek are influenced differently by flood frequency.  
 
2) Quantification of the Effective Flood Frequency 
2-a. Partial Mantel test 
There were four types of relationship between the partial Mantel statistics and the 
cumulative percent inundation within the quadrats: 1) a monotonic decrease, 2) right skewed 
(early peak), 3) a steep early rise followed by no change, and 4) no change (Figure 12). In the 
first pattern the highest partial Mantel statistic occurred for a flood frequency of 1.01 years and 
then declined thereafter, so that in three of four cases the Partial Mantel statistic for a flood 
frequency of two years was outside the 95% confidence interval for a flood frequency of 1.01 
years. The right skewed relationship occurred where the Partial Mantel statistic for a two or three 
year event was higher than both the 1.01 years event and events with a longer recurrence 
interval. In all cases, however, the differences between the statistics for one and two year events 
were not significant, so this was essentially the same as the monotonic decrease model. In the 
third type of relationship, where there was an initial sharp rise in the Mantel statistic followed by 
no change, the statistic for a flood recurrence interval of one year was not significant, but became 
significant for recurrence intervals of three to four years and then remained significant thereafter. 
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The fourth pattern demonstrated some tendencies of changes in partial Mantel statistics, but 
differences between recurrence intervals were statistically insignificant. 
At least one significant partial Mantel statistic was found in 25 of 42 (60%) quantitative 
vegetation measures, and the patterns of partial Mantel statistics tended to show less variability 
within study areas than within vegetation type (Table 16). Each study area had only one or two 
types of relationship whereas understory and species measures exhibited three or more patterns, 
but two patterns were found in three study areas (KT1N, and KT3, MS) were mainly attributable 
to different patterns between understory and overstory measures because all overstory measures 
in all of the study areas had the fourth type of pattern.  
Floods with recurrence intervals of less than 12 years were found to be important for 12 
measures overall with Pattern 1 and 2 even though the entire range of partial Mantel statistics in 
seven of those 12 measures were significant. Seven vegetation measures, four in BN and three in 
KT1N, followed the monotonic decrease pattern. In three of these, the effective flood frequency 
was one year and in the other four a range from one to nine years was important. The right 
skewed pattern was found among five measures in two study areas. One of these (MN shrub) had 
an effective flood frequency of two years, while the others (all in KT3) had effective flood 
frequencies ranging from one year to less than seven and 11 years. The entire range of flooding 
was equally important for ten measures (Pattern 3 and 4), and three of ten measures showed 
Pattern 4 with recurrence intervals greater than three to four years being important (all three 
found in MS). In KT1S, the partial Mantel statistics for the one year recurrence interval tended to 
be the lowest while in the other areas higher statistics tended to be between two and 11 years. No 
significant change after a certain flood frequency suggests that flooding with recurrence intervals 
as low as two or three year affect plant communities as effectively as flooding with higher 
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recurrence intervals even though it is not possible to determine the narrower ranges of effective 
flood frequencies in the third and fourth patterns using the partial Mantel statistics alone.  
 
2-b. Floodplain topography 
Correlations of inundation extent between one year and subsequent years of flood 
frequency show that most rapid changes in inundation extent occurred for flood frequencies 
ranging from 1.01 to 10 years, except for one study area (MN) where the percent inundation 
declined continuously (Figure 13). Correlations of KT1S and MS were very high (r = 0.84 and 
0.81 respectively) at the 100 year recurrence interval while KT1N and KT3 showed high 
correlations (r = 0.66 and 0.73 respectively). In those study areas, correlations remained similar 
after five to ten years, suggesting those floods associated with flood frequencies between five 
and ten years would result in similar inundation extents to large infrequent floods. Three study 
areas showed moderately strong correlations (BN, BS, and MN with r = 0.58, 0.56, and 0.40 
respectively).  
Patterns of A-values closely followed the patterns obtained by partial Mantel tests except 
for one study area (Table 17). Five patterns, compared to partial Mantel statistics, were present 
for 25 vegetation measures with significant partial Mantel statistics using MRPP. Twelve of 25 
vegetation measures showed patterns with little change (3 and 4).  There were four vegetation 
measures, all in MS, with pattern 4. Thirteen vegetation measures showed patterns with either a 
decreasing or an increasing trend (1, 2, and 5). Seven changes of pattern between partial Mantel 
tests and MRPP were found, and four of those changes resembled either the tendency 
(insignificant differences) of partial Mantel tests or patterns based on Mantel test (no third 
variable involved). Three measures (herb, understory, and tree density) in KT1N, however, 
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showed opposite patterns or tendency of A-values as MRPP showed a monotonic increase (5) 
whereas partial Mantel tests showed a monotonic decrease (1).  The monotonic increase pattern 
was not found for any vegetation measures using the partial Mantel tests.  
Nine of 25 vegetation measures showed A-values greater than 0.3, all in KT3 and MS, 
indicating high between group dissimilarities or distinguished community types based on 
inundation extent. Seven of 25 vegetation measures showed low A-values (< 0.2), mostly in one 
study area (KT1N) and primarily for overstory measures. In two study areas, the ecological 
significance of the between group dissimilarity is questionable because the A-values area less 
than 0.1 even though results are statistically significant. Only four vegetation measures with 
decreasing or increasing trends (1, 2, and 5) showed the ranges of A-values greater than 0.2, 
indicating that differences in A-values might not be ecologically meaningful. 
 
2-c. Floristic characteristics 
The patterns associated with the consistency indices between DCA clusters and ISA 
group affiliations support the results from the partial Mantel test and MRPP analysis in three of 
the six study areas, but the  remaining study areas show slightly different patterns (Figure 14a to 
i). Two of the study areas with similar patterns (BN in Figure 14a and MS in Figure 14i) showed 
consistent patterns (Pattern 1 with monotonic decrease for BN and Pattern 4 with steep early rise 
followed by no change for MS) with both partial Mantel test and MRPP while the third study 
area (MN) showed a similar pattern (Pattern 2 with right skewed or early peak) but with a peak 
shifted to the four year instead of the two year flood event (Figure 14h). Tree measures based on 
the consistency indices in MS, however, did not closely follow Pattern 4, instead the pattern 
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resembled a bimodal pattern with one peak around six and seven years and a second peak at 35 
years and beyond.  
 All study areas in Kootenai Creek (KT1N, KT1S, and KT3) showed patterns that were 
distinct from the partial Mantel tests. The patterns found in KT1N and KT3 were similar to those 
of MRPP while the pattern in KT1S did not resemble any pattern from the Mantel test, partial 
Mantel tests, or MRPP. Herb, understory, and species measures in KT1N showed an overall 
increase pattern (Pattern 5) which was similar to the pattern found in MRPP while a monotonic 
decrease pattern (Pattern 1) was found for the partial Mantel statistics (Figure 14b). The patterns 
based on the consistency indices for tree measures were distinct from each other as the density 
showed a pattern that is somewhat bimodal while basal area showed a unimordal pattern with a 
peak at a flood frequency of between 11 and 14 years. KT3 showed mixed results among the 
three methods (Figure 14d). Two measures (herb and species) had Pattern 2 (early peak) with 
peaks at five and two year recurrence intervals respectively. Tree measures had bimodal peaks 
around six year and 35 year respectively. KT1S had the highest values at one year flood 
frequency for all vegetation measures (Pattern 1 with monotonic decrease), and this Pattern 1 did 
not resemble either the partial Mantel statistics or the MRPP results (Figure 14e).  
 
2-d. Determining effective flood frequencies 
The range of effective flood frequencies was determined by combining the results from 
the three methods. The upper limits of the effective flood frequencies for plant communities 
based on understory measures and total species composition ranged from one to 13 years. 
Overstory communities had bimodal peaks with the first peak ranging between four and nine 
years and the second peak at greater than 35 years (Table 18).  
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2-d.1. Bear North (BN) 
In BN (Figure 14a), all measures showed sharp declines in the consistency values at five 
years, most notably for shrub cover, indicating that beyond four year recurrence intervals fewer 
numbers of indicator species were present and their group affiliations did not correspond to DCA 
cluster affiliation. Thus, species associated with less frequent flooding were found near this 
recurrence interval, and beyond this interval the sampling quadrats characterized by those 
species became inundated. Even though the partial Mantel tests showed insignificant results 
beyond the two year recurrence interval, flooding up to four year recurrence intervals 
characterizes the understory community (herb, shrub, and combined undersotry) and the overall 
plant community (total species composition) structures effectively in the Bear North study areas.  
 
2-d.2. Kootenai Transect 1 North (KT1N) 
Of those measures with a monotonic increase in KT1N, consistency indices were 
relatively unchanged beyond the nine to 12 year recurrence intervals (Figure 14b). For instance, 
when index values were closely examined at a cluster level, Cluster B and C remained relatively 
similar beyond ten year while Cluster A showed a high value at one and six years, which were 
slightly lower than the higher value found beyond 25 year due to the presence of one additional 
species at 25 year. Thus the apparent differences might not reflect ecologically meaningful 
differences in species compositions of Cluster A.  
It is unlikely that flooding with longer recurrence intervals has a strong impact on the 
current understory community structures even though monotonic increase in consistency indices 
and A-values from MRPP were observed for herb, understory, and species measures. At the 
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same time, those vegetation measures also showed increased proportions of microtopography 
influences with increase in recurrence intervals, suggesting that for less frequent floods it is 
microtopography, not flood, which is more important for characterizing plant community 
structure. Thus plant community types associated with less frequent flooding (Group C/D) are 
influenced by topographic position above the stream (microtopography). The upper range of the 
effective flood frequency obtained by partial Mantel tests should be extended to ten years for the 
herb community and nine years for the overall species, but remains at nine years for the 
understory community.  
Shrub and tree measures showed Pattern 3 (no change) for partial Mantel test and MRPP, 
but consistency indices showed a clear peak between 12 and 14 years for shrub and between 11 
and 14 years for tree basal area while a weak bimodal pattern was found for tree density at seven 
year and beyond 45 year. Thus tree community types were well defined by mid range flooding 
between seven and 11 years, and also by large infrequent flooding (≥ 45 year) (Figure 14c).  
 
2-d.3. Kootenai Transect 1 South (KT1S) 
Partial Mantel test and MRPP analysis showed the lowest values at the one year 
recurrence interval and stabilization at two years and beyond. In contrast, all three DCA clusters 
were well represented at one year recurrence interval because Cluster A was best represented 
only toward the shorter recurrence intervals, and consistency remained relatively unchanged 
afterward (Figure 14d). Consistencies for herb and understory quickly stabilized at three years 
and four years respectively. Total species showed some stabilization at two years, but some 
declining trend beyond nine years. Thus, flooding beyond those recurrence intervals would have 
similar influences on herb, understory, and species. This is consistent with the inundation extent 
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of the study areas (Figure 13) as the extent of inundation stabilizes beyond the three year 
recurrence interval. In all vegetation measures, the one year flood is important for plant 
communities (shrub, understory, and overall communities) even though the partial Mantel 
statistics and MRPP showed the lowest value at one year.  
 
2-d.4. Kootenai Transect 3 (KT3) 
All vegetation measures except tree measures in KT3 showed Pattern 2 for the partial 
Mantel test and MRPP. Herb and species measures showed consistent patterns from the partial 
Mantel test and MRPP with peaks at five and three year recurrence intervals respectively (Figure 
14e). A peak at five years for herb was within the range obtained by partial Mantel statistics. 
Shrub and understory measures in turn, showed Pattern 3 (no change) with slightly higher values 
between five and eight years recurrence intervals for shrub and between three and eight years for 
understory, indicating relatively small changes of consistency beyond eight years for those 
measures. The eight year range for understory measure was also obtained by partial Mantel 
statistics. Thus, the range of effective flood frequencies should be adjusted to five years for the 
herb community, eight years for the shrub community, and four years for the overall plant 
community  while remaining at eight years for understory measures. Bimodal peaks at between 
four and nine years and later at 35 year for both tree measures indicate importance of both 
frequent and infrequent flooding for tree communities (Figure 14f). 
 
2-d.5. Mission Creek site (Mission North - MN and Mission South - MS) 
In MN, peak values of the partial Mantel statistic and A-value were found at the two year 
recurrence interval, and the partial Mantel statistics was significant only at two years. The peak 
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was shifted towards the four year recurrence interval for the consistency index (Figure 14g). 
Thus, floristic characteristics were best represented by indicator species at four years, while a 
recurrence interval of up to four years is more appropriate to characterize shrub  communities.  
For herb, understory, and species measures, the lowest consistency indices were found at 
the one year recurrence interval (Figure 14h and i). The patterns for understory and species 
measures were weakly bimodal with the second peak occurring beyond the 100 year recurrence 
intervals, while herb measure showed a peak at the four year recurrence interval. Even though 
the highest consistency values were observed towards the 100 year recurrence interval, 
differences between the highest values and values at the first peaks, between three and seven 
years for understory cover and at nine year for species composition, were small (0.66 and 0.64 
for understory and 0.58 and 0.51 for species). Thus, the consistency indices decreased but did not 
change greatly after the first peaks. Recurrence intervals at four years for herb, three years for 
understory and nine years for species should be the effective flood frequencies. Overstory 
measures, which showed Pattern 3 for partial Mantel statistics and MRPP (Pattern 4 for tree 
density), showed a bimodal pattern for the consistency indices with the first extending to seven 
and eight years for density and basal area respectively and the second peak beyond 30 and 35 
years. This suggests that frequent flooding of seven to eight years and large floods with 
recurrence interval equal to greater than 35 year are important for the tree communities at this 
study site. 
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DISCUSSION 
While it is widely assumed that flooding controls the structure and composition of 
riparian vegetation, I found that riparian vegetation in the mountain streams of western Montana 
is instead a result of complex interactions between flood frequency, microtopography, light 
availability, and other aspects of spatial heterogeneity (patch dynamics). However, those 
multivariable effects accounted for only 31% of plant community structure and composition 
data. Site specificity of flood influences originates from different degrees of manifestation in 
direct and indirect pathways of flood influences rather than a lack of flood influences on 
vegetation characteristics. When the multivariable boundary effects were sorted out based on the 
direct overlap boundary elements, microtopography was the most important boundary 
maintaining process, but much smaller relative contributions by flooding indicate the boundaries 
of microtopography represent large changes in non-flood related processes. The ranges of 
effective flood frequency or riparian maintenance flow were mostly up to less than ten years for 
understory and overall plant communities. For overstory communities, frequent flood (≤ 9 years) 
and large infrequent flood (≥35 years) were found important. The proposed method based on the 
partial Mantel test clearly identified the range of the effective flood frequency only 48% of the 
time, but the other methods based on MRPP and floristic characteristics were found to provide 
further information to define the ranges more precisely.  
 
EFFECTS OF ENVIRONMENTAL FACTORS ON PLANT COMMUNITY STRUCTURE  
1) Direct and indirect pathways 
Of 58 direct and indirect influences of flood frequency, 45 (78%) contain at least one 
other variable in the inference structure, and only 13 (22% or 19% overall  13 of 70) contain 
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flooding as the only variable influencing plant community structure and composition, indicating 
that flooding alone is not sufficient to explain variation in plant community structure and 
composition. Because of the strong association between flooding and microtopography (mean r = 
0.63), flood influences are caused by a direct microtopographic influence on vegetation 
characteristics when direct influences of flooding on vegetation characteristics are absent. Thus, 
only portions of the microtopographic influence provide additional information to explain 
variation in plant community structure and composition. Unlike microtopography, fewer direct 
light influences account for the indirect flood influences as 21 of 31 light influences are 
independent of flooding and 14 of them are independent of both flooding and microtopography. 
Weaker flood influences on light (mean r = 0.37) than on microtopography (mean r = 0.63) 
suggest that much smaller proportions of direct light influences on fewer vegetation measures. 
Independent direct soil influences were found in only five direct soil influences (33% - 5 of 15 or 
7% overall - 5 of 70), indicating a minor effect of soil on plant community structure and 
composition.  
Microtopography and flood frequency are closely related to each other (mean r = 0.63), 
suggesting that more than half of processes represented by these two variables are closely 
related. Elevation (microtopography in this study) has been used as a surrogate to flood related 
characteristics in other studies (Pabst and Spies. 1998, Chapin et al. 2002, Segar and Lyon, 1997, 
Hall and Harcombe 1998). However, in six study areas, flood and microtopography showed 
disproportional reductions in partial Mantel statistics, resulting in only one significant effect 
(flood or microtopography) rather than both in 45 of 59 vegetation measures with a direct 
influence of flooding or/and microtopography. This suggests that the two variables represent 
slightly different ecological processes.  
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Microtopography is more closely related to soil moisture availability because it can 
effectively represent the depth to water table (Castelli et al. 2000, Dwire et al. 2006) whereas 
flood frequency can represent stream power, siltation/scouring processes, litter accumulation, 
frequency of anoxia, and patterns of seed dispersion. Degrees of manifestation of these processes 
largely depend on site specific topographic features because inundation patterns are controlled by 
longitudinal connectivity and local surface elevation at a particular location. Local low points 
can be inundated by running or standing water, and the two types of water can contribute 
differently to flood related processes. For instance, scouring or washing out of organic matter can 
only be achieved by running water while anoxia can be achieved by both. Flood frequency 
cannot distinguish these two types of the water. In four study areas (all Kootenai study areas and 
Mission South), where flood frequency was found significantly correlating with vegetation 
characteristics in high consistency, running water is mainly responsible for higher frequency, so 
that flood frequency represents processes such as scouring and washing out of organic matter 
more effectively. On the other hand, in the other three sites (both study areas in Bear Creek site 
and Mission North), flood influences became insignificant after partialling out microtopography, 
indicating the flood processes were more effectively represented by microtopography because 
complex topographic features in the side channels and low elevation points increases roughness 
reducing the flood processes related to running water. Thus, in those study areas, complex 
microtopographic features are more important than flood frequency for plant community 
structure and composition.  
Microtopography also represents processes related to spatial heterogeneity as correlations 
between space and microtopography were found significant in all study areas even though the 
correlations were much weaker (mean r = 0.16) than those between flooding and 
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microtopography (mean r = 0.63). This indicates that a larger proportion of microtopography 
direct influences explain an indirect pathway of flood influence. A proportion of the direct 
spatial influence on microtopography may represents two distinct inferential patterns; 1) 
unmeasured variables manifested through microtopography, such as spatial variability in 
moisture availability due to seepage and decreased depth to water table, and 2) direct effects on 
topographic patterns created by non-flood originated processes such as debris flows after fire and 
dynamic channel and floodplain processes such as channel migration and avulsion. It is not 
possible to know precisely the processes which have created or maintain the spatial structure of 
microtopography, but the portions represented by spatial influences are very small (roughly 0.23 
x 0.16 comparing to 0.23 x 0.63 for flooding).  
Direct light influences were found most consistently overall (63%) and more evenly 
distributed through out the study areas than direct flood influences even though direct light 
influences were generally weaker. Light and flood directly influence plant communities in 19 
vegetation measures, and ten of those 19 measures show a three way association. Thus, some 
proportions of the direct light influences represent the indirect flood influences, resulting in 
weaker direct light influences than what was estimated by the partial Mantel tests. Co-occurrence 
of flood and light influences and weaker partial Mantel statistics for light than flood support a 
secondary role of shade tolerance in the riparian zone (Hall and Harcombe 1998, Menges and 
Waller 1983, Pabst and Spies 1998). Direct light influences independent from flood were found 
in 21 of 31 all direct light influences (68%), indicating decoupling of flood and light processes 
through autogenic changes in the light environment through succession (Huston and Smith 1987) 
whereas indirect pathways of flood influences via light indicate that flood remains the immediate 
factor determining light availability by directly influencing overstory communities. Two study 
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areas (KT3 and MN) with direct flood influences on light also showed direct flood influences on 
all three overstory measures. The presence of autogenic processes may be also supported by a 
direct spatial influence on light for 17 of 21 independent direct light influences in three study 
areas (BN, KT1N, and MN), where all overstory measures are directly influenced by space. 
Thus, in most cases the variability in light environment follows the patch structure of overstory 
communities.  
 
2) The role of spatial heterogeneity 
Processes were combined as space in this study to represent unmeasured and 
unmeasurable variables which have created or maintain spatial structure of vegetation patches or 
spatial heterogeneity in a given study area. Inclusion of space was necessary because there was 
a high degree of spatial heterogeneity in each study area so that sampling quadrats were always 
compositionally and structurally different from each other the further that quadrats were located 
away from one another. There are many sources of spatial complexity in the riparian zone, 
arising from complex interactions of topography and flooding (Abbe and Montgomery 1996, 
Johnson et al. 2000, Aker et al. 2003).  Regeneration and mortality of plant species and 
development of patch structures are, in turn, greatly affected by the flood effects. Such sources 
include localized inundations created by debris jams and beaver dams and subsequent break 
down of those obstacles (Cooper et al. 2006), space dependent mortality through floating debris 
(Swanson et al. 1998, Johnson et al. 2000), ice jams (Scott et al. 1997, Mahoney and Rood 1998, 
Smith and Pearce 2000), and localized inundation (Swanson et al. 1998), deposition and erosion 
patterns (Harris 1987, Polzin and Rood 2006), channel avulsion and migration (Oconnor et al. 
2003, Latterell et al. 2006). In this study, channel avulsion and subsequent establishment of 
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vegetation (Cooper et al. 2003) appeared to be the major source of spatial autocorrelation. 
However, space does not provide much insight into the processes influencing riparian 
vegetation unless those spatial effects are accounted for by measured variables. Thus the 
distinction between a direct and an indirect spatial influence is important (McIntire 2004). The 
strength of an indirect spatial influence was estimated generally weak due to weaker direct 
influences of third variables even though an indirect pathway of spatial influence constituted 48 
of 61 direct spatial influences. Thus, the measured variables may not be sufficient to account for 
spatial influences.  
When space was expressed in a distance matrix, only Euclidean distance between 
sampling quadrats was accounted as spatial structure of unmeasured or unmeasurable variables, 
hence only isotropic spatial structure was partialled out from the vegetation distance matrices. 
However, flood processes may result in highly directional seed dispersal and regeneration 
patterns along a general direction from upstream to downstream. For instance, channel avulsion 
creates favorable establishment grounds along the streambed and banks. Patterns of wind 
dispersal also can show high directionality because mountain valleys, where the study sites are 
located, are aligned along the prevailing wind direction (west to east). These factors contribute to 
elongated vegetation patches instead of circular isotopic patches. The Mantel test can be 
extended to embrace directionality of data by seeking am angle of maximum effects of spatial 
structure (McIntire, personal communication), ans such an approach may have resulted in 
stronger spatial effects on plant communities.  
 
3) Inference diagrams 
 64
Conceptually flood processes associated with large infrequent floods in particular affect 
floodplain topography (Brinson 1990), but once the floodplain topography is shaped, it may be 
microtopography which controls the movement and extent of flood waters and the flood 
frequency at specific locations on the floodplain. Floodplain topography strongly controls the 
pattern of inundation extent at four study areas (Kootenai study areas and Mission South), which 
include topographic barriers that impede the lateral extension of inundation. Three other study 
areas (Bear study areas and Mission North) show a more continuous change of inundation extent 
toward lower flood frequencies or longer recurrence intervals. Topographic relief may or may 
not originate from fluvial processes under the current hydrological regime. More strong and 
consistent direct influences of flooding in the former four study areas, thus, can be viewed as 
indirect influences of microtopography through flooding. When such topographic relief is absent 
or less clearly defined in the case of the latter three study areas, zonations of plant community 
structure may be driven by processes related to microtopography rather than indirect influences 
of flooding through microtopography. This is because those three areas show inundation 
dominated by more slowly moving or standing water rather than faster moving water in the well 
defined side channels in the other four study areas. Thus, the direct and indirect pathways of 
influences involving flooding and microtopography may be reversed with microtopography 
being the underlying process influencing flooding, but this reversal should be viewed with 
caution because the floodplain topography can be altered by changing flood frequency through 
channel avulsion and migration. Relationships between flood frequency and microtopography, 
therefore, should be represented by double arrows.   
The double arrows make the direct and indirect pathways of the influences more 
ambiguous, but the results clearly indicate that the flood influences alone are not sufficient to 
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explain variation in plant community structure and composition in all study areas. The direct 
influences of flood frequency are mainly found in half of the study areas and microtopography is 
the dominant factor in roughly the other half of the areas. Combined direct and indirect pathways 
of the influences of flooding and microtopography account for 59 of 70 vegetation measures (45 
of 49 understory and species measures). Thus, in the mountain streams, ecological processes 
related to flooding and moisture availability are important factors influencing the riparian plant 
community structure and composition.   
The application of an inference diagram provides deeper insight into processes 
influencing riparian plant communities in mountain streams because distinctions between direct 
and an indirect pathways of influence of both measured and unmeasured variables becomes 
clear. The lack of a significant relationship does not necessary mean a total lack of influence of a 
variable on vegetation. This is a substantial advantage over descriptive studies using ordination 
methods. When only environment-vegetation relationships were examined, insignificant 
relationships could be only interpreted as a lack of relationships between a variable of interest 
and plant community structure. Thus, insight gained from this type of study is limited even when 
a large number of variables are considered, and higher variability among study areas can be 
found. Generality among study areas only became clear when a direct and an indirect pathway 
was defined as 87% of plant community measures fell into a category of the flood-
microtopographic influence (both direct and indirect) distributed among all seven study areas, 
compared to 49% obtained from the flood-vegetation relationships found mainly in three study 
areas. Generalized models for further study should contain both a direct and an indirect 
pathway.Multiple a priori hypotheses must be adopted because the inference gained in a study is 
constrained by the hypotheses used for testing of absolute fitness of the model.  
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PLANT COMMUNITY CHANGES AND ENVIRONMENTAL BOUNDARIES  
The boundaries of plant community structure and composition (vegetation boundaries) 
were maintained mostly by rapid changes in microtopography mainly through direct pathways. 
Combined full and partial boundary effects on the vegetation boundaries were most consistent 
for microtopography (67%) comparing to the other three variables (47% for flooding, 37% for 
light availability, and 23% for soil texture). Most boundary effects of flooding, light, and soil 
represent the indirect boundary effects of microtopography on the vegetation boundaries because 
of consistent and in some cases strong boundary effects of microtopography on those variables. 
When a relative contribution of each variable was taken into account by sorting out a number of 
direct overlap boundary elements (direct spatial co-occurrence of boundaries) according to the 
inference diagrams, microtopography (0.57) contributed to affect the vegetation boundaries far 
more than the other three variables (0.18 for flooding, 0.14 for soil, and 0.13 for light). Thus, 
microtopography is the primary factor among the variables used in this study for maintenance of 
the vegetation boundaries even though its direct boundary effects are weaker than those of 
flooding and light. The method used in this study provides deeper insight into boundary creation 
and maintenance processes, which help to understand how plant community types changes in the 
riparian zone.  
 
1) Processes affecting riparian plant community boundaries 
Microtopography was found as the important variable which not only affects plant 
community type boundaries (the vegetation boundaries) but also affects the boundaries of 
flooding, light and soil. A large relief in topography results in large changes in flood frequency, 
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and floodplain topography in four study areas clearly showed large changes in flood frequency 
from very frequently flooded zone (recurrence interval of one to three years) to less frequently 
flooded zone (≥ 100 year) with few sampling quadrats in-between. Distinct plant community 
types were observed in more than 83% of vegetation measures across these microtopography 
boundaries. Thus, distinct riparian zones are created from surrounding uplands in mountain 
streams when the changes in environmental variables, mainly originated from the changes 
associated with microtopography, are very large. Most boundaries of light availability and soil 
texture are associated with these large changes in microtopography when the boundary effects of 
light and soil are found significant. Thus, some soil and light boundaries show significant 
boundary effects on the vegetation boundaries not because they affect the vegetation boundaries, 
but because they are located in proximity of microtopographic boundaries. Fewer numbers of the 
light and soil boundary effects (37% and 24% respectively) indicate that those boundaries which 
do not co-occur with microtopography have lesser impact on the vegetation boundaries.  
Less consistent and weaker role of soil and light suggest ecologically insignificant 
boundary effects on plant community boundaries which may have arisen from the overall 
characteristics of light and soil environments in the study area (study site extent). Boundary 
elements are selected as the top 20% steepest changes of an environmental variable for each 
study site, thus boundary elements are relevant only in the contest of the study area. In a 
relatively uniform environment, small changes can be detected as boundaries meanwhile larger 
changes are required to be delineated as boundaries in the highly variable environment. For 
instance, boundaries are formed surrounding small canopy gaps in the study area with overall 
low light availability, but gap sizes may not be large enough for understory layer to respond 
(Collins and Pickett 1988). In contrast, boundaries are formed surrounding small overstory 
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patches in the study areas with high light availability, but scarcity of overhead canopy cover and 
small patch size can allow sufficient light penetration into the ground, resulting ecological 
insignificant changes in the light environment. Furthermore understory communities may 
respond to changes in overstory compositions, such conifer vs. deciduous (Pabst and Spies 
1998), instead of changes in light availability alone. It may be necessary to incorporate different 
characteristics of canopy structure to characterize light boundaries. On the other hand, the soil 
texture of two study sites, Bear and Kootenai Creeks, was generally coarse, mostly classified as 
sandy loam to sand, due to the granitic geological material of the Bitterroot Mountains. Thus, the 
soil boundaries may only reflect subtle changes in sand or silt content, which may not have a 
significant effect to induce plant community changes.  
 
2) Inference of a direct and an indirect pathway 
Multivariable boundary effects were found more commonly than a single variable effect, 
and it is necessary to examine boundary associations between environmental variables before 
determining the processes which affect the plant community boundaries. Interpretation of 
resulted inference diagrams based on boundary association, however, is slightly different from 
the inference diagrams based on partial Mantel test because an indirect pathway of a boundary 
effect (X → Y → Z) does not necessarily indicate a lack of a boundary effect of X on Z. Instead 
X and Y both contribute for a boundary effect of environmental variables (X and Y) on 
vegetation (Z). In this study, the estimated relative contributions by four environmental variables 
are generally in agreement with the resulted inference diagrams, but not with strength of the 
direct boundary effects of these variables on the vegetation boundaries.  
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Microtopography shows consistently higher relative contributions (0.57) than three other 
environmental variables (0.18 for flood, 0.14 for soil, and 0.13 for light), and most direct 
boundary effects of these three variables account for indirect effects of microtopography (all for 
flooding, 16 of 17 for soil, and 15 of 18 for light). The strength of the boundary effects were 
generally higher for flooding (overall 2.19 P-value scale or P < 0.01 ranging from 1.00 or P < 
0.05 to 4.00 or P < 0.0001), but these strong boundary effects are not reflected for relative 
contributions of the variables, indicating that strong boundary effects of flooding are not due to 
flooding itself, rather they are due to strong and consistent boundary effects of microtopography 
on flooding, and estimated relative contributions by the environmental variables reflect the 
inference diagrams as consistently higher relative contributions by microtopography were found.  
Difference between direct and indirect pathways may be subtle and cannot be identified 
by examining only a direct pathway of a boundary effect, particularly for a dominant boundary 
maintaining factor. In this study, microtopography was identified as the dominant factor with 
high consistency (66%) and high relative contribution (0.58), and microtopography showed 
consistently high contribution (0.46) even when significant boundary effects of microtopography 
was absent. When indirect pathways of boundary effects of microtopography were taken into 
account, the overall mean relative contribution unaccounted by neither direct or indirect 
pathways was slightly higher (0.53, results not shown), much closer to the overall mean 
accounted by the direct or indirect pathways (0.58). Thus, a lack of significant boundary effects 
or indirect boundary effects does not indicate a lack of boundary effects at all. It is important to 
recognize a dominant boundary maintaining factor because changes in plant community structure 
and composition are largely affected by that factor.   
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A high degree of spatial co-occurrence of the boundary elements is mainly due to 
proximity of boundary elements based on different variables. Thus, significant boundary effects 
detected by Boundary Analysis between one environmental variable and plant community 
structure/composition contain some portions of shared boundary elements among environmental 
variables. Depending on degrees of the shared portion, the boundary effects of one variable can 
be spurious effects because the boundary effects become insignificant after removing shared 
portion with the important variable. Because locations that the boundary elements can occupy are 
limited, some boundary elements inevitably share the same locations (direct overlaps). The 
inference diagrams cannot resolve confounding boundary effects among environmental variables 
unless the shared and unshared portions of the boundary elements are sorted out. The study 
povides one method to deal with such a problem by estimating relative contributions by 
environmental variables. It is possible for changes in plant community structure and composition 
to occur near the boundaries of environmental variables rather than at the same location, but the 
method did not take into account the boundary effects of proximity (OX and OY). Spatial 
proximity can be incorporated into the estimation method in future which would provide more 
complete picture of relationships among boundary effects of more than one environmental 
variable on changes in plant community structure and composition. 
 
3) Boundary maintenance 
 Of four measured environmental variables (flood frequency, microtopography, light 
availability, and soil texture), microtopography was the most consistent variable with high 
relative contribution (mean relative contribution of 58%) to the boundary effect on the vegetation 
boundaries as 49 of 70 (70%) vegetation measures showed contribution greater than 50%. Thus, 
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microtopographic is the major factor for maintaining the plant community boundaries, but large 
changes in microtopography must be originated from fluvial and hillslope processes, which 
include channel avulsion, debris flow, alluvial fan, large influx of sediment and debris, and 
deglaciation. Those boundaries, once formed, affect the locations of the vegetation boundaries 
and environmental variables, and some vegetation boundaries are maintained by flooding, light, 
and soil.  The direct boundary effects of microtopography are related to moisture availability, 
depth to water table, and depth of soil development. The former two are particularly important 
during hot and dry summer months in western Montana. Because large changes of 
microtopography are strongly and consistently related to the flood boundaries, flood frequency 
changes rapidly from frequent to infrequent at the microtopographic boundaries, and effectively 
maintains the boundaries of plant community structure and composition, ensuring high water 
availability in the frequent flooded zone. Thus, processes related moisture availability may be the 
key factor to maintain changes in plant community structure and composition. 
Light availability is also found as a supplemental factor for maintaining the vegetation 
boundaries, but limited in two study areas (KT3 and MS). Because of autogenic changes of light 
environment associated with succession of overstory plant communities, the gap or boundary 
must be maintained by other processes, such as frequent flooding (van der Maarel 1990) and 
herbivore activities (Cadenasso and Pickett 2000), in order to persist in same locations. Thus, the 
light boundaries affect the vegetation boundaries, but the light boundary effect may not be the 
process for maintaining the vegetation boundaries. The boundaries based on soil texture can 
affect soil water holding capacity and moisture availability, but it may be the case in Mission 
Creek site where soil texture covary with microtopography and finer soil texture was found in 
the quadrats with higher surface elevation, but in two study sites in the Bitterroot Mountains, soil 
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texture was generally coarse due to the granitic parent material and finer texture soil was found 
in the bottom of the depression filled with slow moving or standing water. Thus, it is not clear 
how much changes in soil texure contribute to maintain the vegetation boundaries. 
  
EFFECTIVE FLOOD FREQUENCY 
 The riparian plant communities based on understory measures and total species 
composition were more strongly influenced by flooding mostly less than 10 year recurrence 
interval while overstory communities were influenced by both frequent (≤ 9 year) and large 
infrequent (≥35 year) floods. The range of riparian maintenance flow was defined as the range of 
flood frequencies or recurrence intervals which influence riparian plant community structure 
most strongly. Three approaches used in this study enable to determine the range objectively by 
examining an intensity of relationship between flood frequency and plant community structure, 
groupings of sampling quadrats in the DCA ordination, and consistency of DCA species clusters 
and groupings of Indicator Species Analysis. These approaches are particularly useful when an 
overall relationship between flood and plant community structure, such as overall partial Mantel 
test, is not significant, and also when multiple factors are influencing plant communities. The 
riparian maintenance flows derived in this study, thus, provide better information for potential 
effects of hydrological regime alteration in mountain streams.  
 
1) Delineation of the riparian plant community 
The transition from riparian to upland based on relative frequencies of riparian and 
upland species (Chapin et al. 2002) showed little ecological significance as all three conditions 
were met in none of the study areas. The first condition, increasing and decreasing trends of 
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upland and riparian species respect to flood frequency, is an assumption which can be easily met 
in the study sites with a strong moisture gradient. In the mountain streams, however, these trends 
should not be assumed because a high number of generalist species from upland are found in the 
floodplain (Mouw and Alaback 2003) and relaxed moisture gradient indicate potentially higher 
occurrence of riparian species in the zone of low flood frequency. The results showed only two 
study areas with significant trends of increasing and decreasing of upland and riparian species, 
suggesting little support for this assumption. Ecological significance of the riparian-upland 
transitions gained little support from this study as the transitions are weakly and inconsistently 
related to the plant community boundaries and also flood boundaries, indicating occurrence of 
the transitions in the areas of relatively uniform vegetation characteristics. Thus, the relative 
frequency of 50% as a cutoff or boundaries of riparian and upland communities did not 
correspond to the boundaries between the sampling quadrats with different plant community 
characteristics. The last condition is not related to the delineation method, but to the subsequent 
method to be used to estimate the flood frequency for the riparian maintenance flow based on 
combined data of two sides of the stream. When data from two sides are combined, similar 
structures of variable influences on plant communities must be assumed, otherwise the combined 
data do not truly represent either side. The results do not support the assumption of the similar 
flood influence on the same vegetation measure in the two study areas, indicating the effective 
flood frequency should be different as well. Indeed all three sites (Bear, Kootenai Transect 1, and 
Mission) showed different patterns of partial Mantel statistics and different effective flood 
frequencies between two study areas. The delineation method used by Chapin et al. (2002) may 
be applicable in other study areas in the mountain streams, but applicability of the method must 
be tested prior to determining the effective flood frequencies.  
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2) Effective flood frequency 
The effective flood frequency ranged between one and four to 13 years for understory 
and overall plant communities measures and between one and seven and beyond 35 years for 
overstory measures, and these ranges were consistent with Hill et al. (1991) who predicted the 
range between 1.5 and 10 year along Salmon River, Idaho, and Chapin et al. (2002) who found 
the peak flood frequencies between 3.1 to 7.6 years in the Klamath Basin despite of different 
analytical methods applied. Bimodal patterns of the consistency indices are explained by 
differences in time scales for regeneration and subsequent patch development or zonation of tree 
species (Brinson 1990). Regeneration of pioneer tree species have been related to floods with 
high to medium frequency; between five and 15 years for cottonwood species (Scott et al. 1997, 
Lytle and Merrit 2004) and between two and five years for willow species (Cooper et al. 2006). 
Zonation of the tree species, on the other hand, is related to floods with longer recurrence 
intervals by the geomorphic surface elevation (Harris 1987, Nakamura et al. 1997). Channel 
avulsion and large flux of sediments followed by downcutting of the channel may have increased 
the upper ranges of the effective flood frequencies for overstory communities and understory 
communities as well.  
Of 42 total quantitative vegetation measures and total species composition, 25 measures 
showed at least one significant partial Mantel statistic, and 12 of those 25 measures showed 
significant increase or decrease in partial Mantel statistics, and none of 12 measured belonged to 
overstory measures. This indicates non-uniform influences of floods with different recurrence 
intervals and stronger influences of flood on plant community structure toward the higher flood 
frequency, but this approach is only useful in 29% overall (12 of 42). However, inundation 
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extents or flood frequency is non-factor, at least through a direct pathway, for 17 of 42 total 
quantitative measures and species P-A, thus a frequency associated with the applicability of the 
method must be made in the context of 25 measures. In this context, 12 measures accounts for 
48% of 25 measures. Of those 12 measures, three showed a contradicting pattern between partial 
Mantel statistics and A-values based on Multi Response Permutation Procedure (MRPP), and the 
consistency indices tended to support the latter. The remaining 13 measures did not show 
statistically significant differences between partial Mantel statistics of different recurrence 
intervals even though three measures in MS showed significantly low partial Mantel statistics at 
one and two year recurrence intervals. Thus, overall 16 of 25 measures showed inconclusive 
results to clearly define the range of the effective flood frequencies, and the floristic 
characteristics must be incorporated.  
The patterns of partial Mantel statistics and A-values tend to differ between among study 
areas, and understory and overstory measures. Spatial pattern of the inundation extent is greatly 
constrained by floodplain topography, thus ecological distances expressed by the inundation 
extent are similar when the floodplain topographies are similar even for different study areas. 
Study areas with small overall changes in inundation extents tend to show Pattern 3 or 4 (no 
change) whereas study areas with more continuous changes in inundation extents tend to show 
Pattern 1 or 2 (monotonic decrease). It is not possible to predict significant direct flood 
influences on plant community structure by examining the floodplain topography, but it is 
possible to predict a pattern of partial Mantel statistics when the flood influence is significant 
except overstory communities.  
 The inference made for the no change pattern (Pattern 3 or 4) from the vegetation 
measures in two study areas (KT1S and MS) is different from the inference from the overstory 
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measures in the other study areas (KT1N and KT3) because the former is imposed by the strong 
topographic control on the inundation extents while the latter originates from weaker direct flood 
influence on the overstory vegetation. In KT1S and MS, there is a high degree of similarity of 
the inundation extents beyond four to five year recurrence intervals, indicating large topographic 
relieves impede further change in the inundation extents and at the same time create distinct 
plant community characteristics. This is supported by significant boundary associations between 
flood frequency/microtopography and plant community types for those vegetation measures with 
significant partial Mantel statistics between flooding and vegetation characteristics in KT1S and 
MS. The plant community types contribute to stronger partial Mantel statistics because 
ecological distances were large between quadrats inundated frequently and infrequently based on 
both inundation extents or flood frequencies and vegetation characteristics. Thus, influences of 
frequent and infrequent floods are same for the plant community types located above the relief 
because neither flood can rise over the relief based on the current flood regime and floodplain 
topography.  
For overstory measures in the other study areas (KT1N and KT3), on the other hand, the 
pattern weakly resemble the patterns found for other vegetation measures in the same study area, 
but the intensity of the relationships is much weaker as the maximum partial Mantel statistics for 
the overstory measures in 0.16 whereas the maximum for the rest of measures is 0.38. Less 
number of non-zero quadrats for overstory increases the width of 95% confidence intervals, 
resulting in increased overlaps of the confidence intervals. Thus, the patterns associated with 
overstory measures generally result in no change pattern unless there is a strong monotonic 
pattern (increase or decrease). Floods with shorter and longer recurrence intervals fail to 
influence overstory communities strongly.  
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One study area (KT1N) showed two contrast patterns between partial Mantel test, on one 
side, and A-values from MRPP and the consistency indices on the other. Partial Mantel statistics 
were calculated by removing the confounding influence of microtopography while the 
inundation extents of sampling quadrats were obtained without removing such an influence. The 
patterns based on Mantel statistics (no third variable or microtopography not partialled out) did 
not resemble either pattern; monotonic decrease for partial mantel statistics and monotonic 
increase for MRPP and the consistency indices. Thus, the proportion of the flood direct influence 
shared by microtopography increases or partial Mantel statistics decreases from 0.31 to 0.14 with 
increase in flood frequencies. This implies that the gradient is composed of two or potentially 
more variables whose influences vary from the one end of the gradient to the other. Lower partial 
Mantel statistics toward the longer recurrence intervals indicate that plant community structure 
continue to change beyond 100 year recurrence intervals and microtopography accounts more 
effectively for those changes. On the other hand, in the low topographic zone, the community 
structures are more effectively explained by different degrees of inundation extents by frequent 
flooding. Thus, plant community patterns reside along a continuum of the composed gradient.  
The method in this study is based on flood-vegetation relationships (partial Mantel test), 
species grouping based on flood data (MRPP and Indicator Species Analysis), and vegetation 
data alone (DCA), and determines the effective flood frequencies or the riparian maintenance 
flows by comparing those three approaches. Partial Mantel test and the consistency index 
between indicator species group affiliations and DCA cluster affiliation are particularly useful 
since the former provides statistically significant ranges of flood frequencies and the latter shows 
changes of indicator species affiliation relative to DCA cluster affiliation of the same species. In 
the case when the former fail to show statistically significant ranges, the latter method allows to 
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determine the ranges because the consistency indices show some peaks or no change after certain 
recurrence intervals. The advantages of this method are that; 1) the ranges are determined 
objectively instead of imposing an arbitral riparian delineation method, 2) effects of confounding   
variables are removed, 3) spatial structure of vegetation patches are readily incorporated, and 4) 
determination of the range is not based on one method. Because of those advantages, the method 
is applicable in a wide range of the study sites with information on inundation extents of flood 
water. It is extremely rate to find such records in mountain streams, but inundation extents can be 
estimated by a hydraulic model based on detailed floodplain topographic map, which can be 
obtained in the field. Thus, in addition to vegetation data and environmental data, which 
normally collected in the field, the method only requires the field survey of the floodplain 
topography.  
 
MANAGEMENT IMPLICATIONS 
 This study illustrates the importance of both direct and indirect influences of flood 
frequency on plant community structure, light availability, and the spatial structure of vegetation. 
The latter two, in particular, represent the autogenic changes and patch dynamics in the 
floodplain, and two are loosely related as correlograms based on light availability show a pattern 
of patches instead of a gradient pattern for flood and microtopography. Patch structures are best 
described by a two dimensional scale, thus determination of the effective riparian flows and 
subsequent management practices must incorporate longitudinally extended areas. The estimated 
maintenance flows range up to nine years for most plant communities. However, management 
practices also need to focus on larger time scale processes as indicated by the riparian 
maintenance flows for overstory communities. Topographic constraints determine the pattern of 
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flood influence on plant community structure in large part, and large floods shape large 
geomorphic features in the floodplain.  
 Delineation of the riparian zone is often difficult to accomplish because of temporal 
dynamics of the transition zones (van der Maarel 1990, Naiman and Décamps 1997). This study 
showed that rapid changes in microtopography affected the rapid changes in plant community 
structure and composition, and plant community types generally contained more wetland 
facultative species in the frequently flooded zones and more upland species in the less frequently 
flooded zones. Thus, Boundary Analysis and the subsequent method to determine relative 
contributions of the variables can be used to objectively delineate the riparian zones when plant 
community type changes are affected by environmental variables. Thus, riparian buffer 
dimensions can be established according to changes in plant community structure and 
composition instead of predetermined distances from the stream. If the objectives of 
management include enhancement of species richness in the riparian zone, it is necessary to 
include upland zones to some distance from the delineated riparian boundaries because generalist 
species, which are found commonly in upland zones, are also found common in the riparian zone 
(Mouw and Alaback 2003, Shin and Nakamura 2005) and regeneration of conifers is strongly 
related to the seed sources (Beach and Halpern 2001). This study demonstrated the potential 
usefulness of Boundary Analysis for riparian delineation, and the riparian buffer can be 
established objectively for proper functioning of riparian ecosystems.  
 
UNCERTAINTIES ASSOCIATED WITH HYDROLOGICAL DATA 
 Availability of hydrological data prior to the study imposes limitations and uncertainties 
regarding the findings of the study. Inundation extents associated with the recurrence intervals 
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used in the study were calculated based on only one floodplain topographic TIN map for each 
study area, which was created using the data during the field survey. The map represents the 
current channel geometries and floodplain topographies, and may not accurately represent the 
past state of the channels and floodplains. A hydraulic model (HEC-RAS) was calibrated only 
using 2 years of hydrological data during the study, thus inundation extent of large floods may be 
subject to large errors. The magnitudes of annual floods change with cooling and warming 
phases of the Pacific Decadal Oscillation in northwest Montana (Whited et al. 2007), thus the 
results of flood frequency analysis may differ depending on during which phase the annual peak 
flow data mainly fall in. For instance, the data for Bear and Kootenai Creeks mainly come during 
the cooling phase which occurred before the 1980s whereas the Mission Creek data exist only 
after 1980s during the drying phase. Increased frequency of larger floods during the wet phase 
may have favored the establishment of some pioneer species (Baker 1990, Scott et al. 1997, 
Whited et al. 2007). Influences of the same magnitude of floods may be different between the 
drying and cooling phases due to potentially different vegetation patterns during those two 
phases. This implies that spatial patterns of plant communities may depend on between and 
within phase(s) variability relative to the time of data collection. These limitations and 
uncertainties may have reduced strength of flood effects on vegetation and other variables, and 
increased noise in vegetation data.   
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CONCLUSIONS 
Riparian plant community structure and composition were influenced by more than one 
variable, and this multiple variable influence was much more common for understory and overall 
plant communities in this study. Flood frequency was found as a significant factor for plant 
community structure and composition only 50% of the time, and microtopography supplemented 
the remaining portion. Together those two variables account for 87% of significant correlations 
with vegetation characteristics. Microtopography effectively accounts for flood influences when 
significant flood influences are absent. In addition, plant community structure and composition 
were influenced directly by processes that created or maintained vegetation patches or 
heterogeneity, and light availability. An inference diagram with multiple variables provides 
deeper insight into the direct and indirect pathways when the measured variables show some 
degree of multicollinearity. Multiple models based on this study, which includes flood 
frequency, microtopography, light availability, and space, can be tested for absolute fit as a priori 
causal model in different study areas. Maintanance of the boundaries associated with plant 
community structure and composition was found largely due to the direct boundary effects of 
microtopography and to a lesser extent to the indirect boundary effects of microtopography 
through the direct boundary effects of flood frequency, light availability, and soil texture. A 
method that determines the significance of boundary effects of one variable on the plant 
community boundaries after removing the effect of a third variable must be developed in order to 
construct complete inference diagrams. This is important for deeper understanding of the 
processes that maintain riparian plant community boundaries and the nature of those boundaries 
in mountain streams.  
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The effective flood frequency ranged between one and 8 years for understory and overall 
plant communities in six study areas whereas overstory communities were influenced by both 
frequent (≤ 9 year) and large infrequent (≥35 year) floods. The ranges were determined as the 
ranges during which the strongest relationships between plant communities and flood frequency 
were significantly distinguishable and also the ranges beyond which the plant communities 
showed relatively similar characteristics. The results of this study are more ecologically 
meaningful than previous studies and also applicable in a wider ranges of the study sites where 
clear boundaries between riparian and upland plant communities are absent. The strength of the 
methods used in this study is their ability to sort out the confounding variables, and this is 
particularly important in mountain streams, where flow regimes and the riparian plant 
communities remain relatively unmodified. 
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Figure 1. Study site overviews. 
 
Figure 1a. Bear Creek study areas. 
 
 
Figure 1b. Kootenai Creek Transect 1. 
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Figure 1c. Kootenai Creek Transect 3. 
 
 
Figure 1d. Mission Creek study areas. 
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Figure 2. Layout of a study area and sampling quadrat. 
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Figure 3. Hypothesized inference diagrams for a) understory and overall plant communities and 
2) overstory measures. 
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Figure 4. Riparian plant community composition for different study areas: a) Bear North (BN), 
b) Bear South (BS), c) Kootenai Transect 1 North (KT1N), d) Kootenai Transect 1 South 
(KT1S), e) Kootenai Transect 3 (KT3), f) Mission North (MN), and g) Mission South (MS). 
DCA species scores were calculated based on all species occurring in more than five percent, but 
only species, which were found as indicator species for at least one recurrence interval and 
commonly found in the study area, were shown in each DCA species plot. 
 
a) Bear North 
 
 
Cluster A: Circaea alpina, Cina latifolia, Clintonia uniflora, Cornus canadensis, Glyceria elata, 
Senecio triangularis, Rubus idaeus (S).   
Cluster B: Boykinia major, Linnaea borealis, Pyola asarifolia, Trillium ovatum, Menziesia 
ferruginea (S), Rosa acicularis (S), Symphoricarpos albus (S), Taxus brevifolia (S).  
Cluster C: Mahonia repens, Smilacina stellata, Acer glabrum (S), Abies grandis (T), Larix 
occidentales (T), Picea engelmannii (T). 
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b) Bear South 
 
 
Cluster A: Carex aquatilis, Calmagrostis canadensis, Circaea alpina, Glyceria elata, Alnus 
incana (T).   
Cluster B: Boykinia major, Heracleum sphondylium, Linnaea borealis, Menziesia ferruginea, 
Senecio triangularis, Taxus brevifolia (T).  
Cluster C: Philadelphus lewisii (S), Rubus idaeus (S), Symphoricarpos albus (S), Philadelphus 
lewisii (T). 
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c) Kootenai Transect 1 North 
 
 
Cluster A: Agrostis idahoensis, Angelica arguta, Boykinia major, Calmagrostis canadensis, 
Glyceria elata.   
Cluster B: Rubus idaeus (S), Populus balsamifera (T).   
Cluster C: Arnica latifolia, Cornus canadensis, Linnaea borealis, Pyola asarifolia, Acer 
glabrum (S), Alnus incana (S), Cornus stolonifera (S), Rubus parviflorus (S), Symphoricarpos 
albus (S), Alnus incana (T), Betula papyrifera (T), Cornus stolonifera (T), Pinus contorta (T). 
Cluster D: Arnica cordifolia, Calmagrostis rubescens, Mahonia repens, Amelanchier alnifolia 
(S), Rosa acicularis (S), Spiraea betulifolia (S), Amelanchier alnifolia (T). 
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d) Kootenai Transect 1 South 
 
 
Cluster A: Agrostis idahoensis, Boykinia major, Carex aquatilis, Calmagrostis canadensis, 
Equisetum arvense, Geum macrophyllum, Glyceria elata, Juncus effuses, Salix spp. (S). 
Cluster B: Smilacina stellata, Amelanchier alnifolia (S), Menziesia ferruginea (S), Rubus 
parviflorus (S), Symphoricarpos albus (S), Alnus incana (T), Cornus stolonifera (T). 
Cluster C: Arnica cordifolia, Carex praticola, Cina latifolia, Equisetum hyemale, Linnaea 
borealis, Osmorhiza chilensis, Pyola asarifolia, Stremptopus amplexifolius, Ribes lacustre (S), 
Abies lasiocarpa (T), Picea engelmannii (T).  
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e) Kootenai Transect 3 
 
 
Cluster A: Boykinia major, Calmagrostis canadensis, Galium triflorum, Senecio triangularis, 
Cornus stolonifera (S), Cornus stolonifera (T). 
Cluster B: Angelica arguta, Prunella vulgaris, Alnus incana (S), Alnus viridis (S), Betula 
papyrifera (S), Alnus incana (T), Betula papyrifera (T).  
Cluster C: Linnaea borealis, Pyola asarifoli, Smilacina stellata, Trillium ovatum, Acer glabrum 
(S), Amelanchier alnifolia (S), Ribes lacustre (S), Rubus parviflorus (S), Symphoricarpos albus 
(S), Acer glabrum (T). 
Cluster D: Clintonia uniflora, Osmorhiza chilensis, Spiraea betulifolia, Populus tremuloides (S), 
Populus balsamifera (T).  
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f) Mission North 
 
 
Cluster A: Aster eatonii, Picea engelmannii, Prunella vulgaris, Thuja plicata, Betula papyrifera 
(S). 
Cluster B: Galium triflorum, Poa pratensis, Rubus idaeus, Solidago canadensis, Alnus incana 
(S), Rubus idaeus (S).  
Cluster C:  Linnaea borealis, Prenanthes sagittata, Abies grandis (S), Rosa acicularis (S), Abies 
grandis (T), Betula papyrifera (T), Picea engelmannii (T). 
Cluster D: Cornus canadensis, Gymnocarpium dryopteris, Mitella stauropetala, Rubus 
parviflorus (S), Symphoricarpos albus (S), Thuja plicata (T).  
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g) Mission South 
 
 
Cluster A: Carex flava, Equisetum arvense, Habenaria dilatata, Solidago canadensis, Rubus 
idaeus (S).  
Cluster B: Betula papyrifera, Poa pratensis, Rubus idaeus, Thuja plicata, Picea engelmannii 
(S), Populus balsamifera (S), Rosa acicularis (S), Salix spp. (S), Abies grandis (T).  
Cluster C:  Galium triflorum, Gymnocarpium dryopteris, Senecio pseudaureus, Smilacina 
stellata, Abies grandis (T), Acer glabrum (S), Cornus stolonifera (S), Ribes lacustre (S), Rubus 
parviflorus (S), Symphoricarpos albus (S).  
Cluster D: Clintonia uniflora, Linnaea borealis, Mitella stauropetala, Tiarella trifoliate, Abies 
grandis (S),  Thuja plicata (T).  
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Figure 5. Diffences in significant partial Mantel statsitcs between 
qualitative (cover for understory, and density and basal area for 
overstory) and compositional plant community measures for a) 
understory and b) overstory communities. Black indicates 
quantitative measures (cover for understory, density and basal area 
for overstory), and gray indicates compositional measures (P-A). 
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Figure 6. Patterns of significant effects of measured and unmeasured 
variables on plant community structure and composition for a) herb 
and shrub communities, b) understory and overall plant communities 
(species), and c) overstory communities. 
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Figure 7. Resulted inference diagrams for a) environmental variables, b) overall plant 
communities, c) understory communities, and d) overstory communities.  
 
 
 
 100
 
Notes: For a clarification purpose, inference diagram for environmental variables was shown 
separately, and inference pathways from microtopography to soil and light were omitted in 
inference diagrams b) through d).  
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Figure 8. Frequency of significant boundary effects of four environmental variables among seven 
study areas. Black indicates microtopography, gray indicates flood frequency, white indicates 
soil texture, and stripe indicates light availability. 
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Figure 9. Historgram of the percentage of Os (direct overlap statsitcs) explained by four 
measured variables for a) understory and overall plant communities and b) overall comunities. 
 102
The x-axis represents the middle of the histogram bin ranges.Black indicates quantitative 
vegetation measures (cover for understory, and density and basal area for overstory), gray 
indicates compositional measures (presence absence), and white indicates overall plant 
community composition.  
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Figure 10. Hypothesized inference diagrams based on the boundary effects on plat community 
type boundaries for a) understory plant communities, b) overstory plant communities, and c) 
overall plant communities. A number indicate a relative contribution of the variable. 
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Figure 14. Patterns of consistency indices for a) Bear North, b) Kootenai Transect 1 North 
(KT1N) understory and species measures, c) KT1N tree measures, d) Kootenai Transect 1 South, 
e) Kootenai Transect 3 (KT3) understory and species measures, f) KT3 tree measures, g) Mission 
North, h) Mission South (MS) understory and species measures, and i) MS tree measures. The y-
axis represents the consistency index. 
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Table 2. Qualitative and quantitative measures recorded for different vegetation types.  
  Herb Shrub Understory Tree Species 
       
Cover X X X   
Basal area    X  
Density    X  
Presence-Absence (P-A) X X X X X 
Species Richness (SR) * X X X X X 
            
Notes: *Species richness was only used to c opare vegetation characteristics among study areas 
in Riparian plant community characteristics. Thus, species richness was not included in the term 
ten vegetation measures for all other analyses.  
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Table 3. Site name abbreviations and numbers of total quadrats and non-zero 
quadrats for different vegetation types. 
Site Total Herb Shrub Tree 
      
Bear North BN 158 146 151 114 
Bear South BS 152 137 148 116 
      
Kootenai Transect 1 North KT1N 158 153 155 147 
Kootenai Transect 1 South KT1S 124 120 115 102 
Kootenai Transect 3 KT3 165 159 159 148 
      
Mission North MN 203 200 202 191 
Mission South MS 100 97 90 83 
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Table 4. A number of species found in each study area. 
site 
Sampling plot 
number Herb Shrub Tree 
 
    
BN 158 65 23 12 
BS 152 62 26 13 
KT1N 158 83 32 17 
KT1S 124 80 28 14 
KT3 165 90 29 19 
MN 203 107 27 16 
MS 100 78 24 12 
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Table 5. A list of common plant species.  
Herb Shrub Tree 
   
Agrostis idahoensis 2 Acer glabrum Abies grandis 
Angelica arguta Alnus incana Acer glabrum 
Aster eatonii Amelanchier alnifolia Alnus incana 
Boykinia major 1 Cornus stolonifera Pinus contorta 2 
Calmagrostis canadensis Lonicera involucrate Picea engelmannii 
Carex aquatilis 1 Menziesia ferruginea 1  Populus balsamifera 
Circaea alpina Philadelphus lewisii Pseudotsuga menziesii 
Cina latifolia Populus balsamifera Thuja plicata 4 
Clintonia uniflora Ribes lacustre  
Cornus canadensis Rosa acicularis  
Galium triflorum Rubus idaeus  
Glyceria elata Rubus parviflorus  
Gymnocarpium dryopteris 4 Symphoricarpos albus  
Heracleum sphondylium Taxus brevifolia 3  
Linnaea borealis   
Osmorhiza chilensis   
Prunella vulgaris   
Senecio triangularis 1   
Smilacina stellata   
      
Notes: 1 Common in Bitterroot sites (Bear and Kootenai sites).  2 Common in Kootenai sites.  
3 Common in Bear sites. 4 Common in Mission sites.  
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Table 7. Frequency and strength of direct influences of measured and unmeasured variables on 
plant community structure and composition. Frequency is presented on the top and mean partial 
Mantel statistics on the bottom. 
Vegetation type n Flood Microtopography Soil Light Space 
       
Understory  42 0.50 0.67 0.29 0.60 0.95 
  0.30 0.24 0.15 0.20 0.20 
       
Overstory  21 0.43 0.19 0.05  0.67 
  0.22 0.17 0.09  0.11 
       
Species  7 0.57 0.86 0.29 0.86 1.00 
  0.34 0.24 0.21 0.26 0.22 
       
Overall* 70 0.49 0.54 0.21 0.63 0.87 
  0.28 0.23 0.15 0.21 0.18 
       
Notes: A total number of vegetation measures for space, flood, microtopography, and soil were 
70 whereas that for light is 49. * Only one significant soil effect was found. 
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Table 8. Frequency and strength of direct influences of measured and unmeasured variables on 
plant communities among study areas. Frequency is presented on the top and mean partial 
Mantel statistics on the bottom. 
Site Space Flood Microtopography Soil Light 
      
BN 1.00 0.10 0.60 0.20 0.29 
 0.22 0.10 0.16 0.14 0.17 
      
BS 1.00 0.00 0.70 0.00 0.29 
 0.14 NA 0.15 NA 0.15 
      
KT1N 1.00 1.00 0.50 0.20 0.71 
 0.21 0.17 0.21 0.12 0.17 
      
KT1S 0.80 0.50 0.50 0.30 0.71 
 0.19 0.36 0.36 0.17 0.18 
      
KT3 0.60 1.00 0.00 0.00 1.00 
 0.10 0.27 NA NA 0.25 
   
  
 
MN 1.00 0.00 0.90 0.80 1.00 
 0.19 NA 0.28 0.16 0.19 
      
MS 0.70 0.80 0.60 0.00 0.43 
 0.21 0.40 0.21 NA 0.31 
      
Notes: A total number of vegetation measures for space, flood, microtopography, and soil was 10 
per study area except light, which was calculated based on understory and species measures, thus 
a total number for light was 7. 
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Table 9. Pathways leading to plant communities for different vegetation types. 
Vegetation types 
Type of pathways Understory Overstory Species Overall 
     
All F→V including direct and indirect 38 13 7 58 
     
F→V independent of other variables 4 9 0 13 
F→V concurring with other measured 
variables 3 4 0 7 
F→V concurring with or without 
space 1 5 0 6 
     
Three way associations 17 0 5 21 
F and E 9 0 2 11 
F and L 5 0 1 5 
F and both E and L 3 0 1 5 
     
Indirect influence of flood 17 4 3 24 
     
     
All E→V 28 4 6 38 
F→E→V only 17 4 3 24 
Three way association (F and E) 11 0 3 14 
     
All L→V 25 NA 6 31 
S→L→V only 17 NA 4 21 
Three way associations (F and L) 8 NA 2 10 
     
All So→V 12 1 2 15 
S→So→V only 4 0 1 5 
Three way associations * 8 1 1 10 
     
Notes: F = flood frequency; V = vegetation; E = microtopography; L = light availability, So = 
soil texture. * Three way associations involve microtopography and space.  
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Table 10. Overlap statistics of environmental variables. 
Site x y Ox Oy Os 
         
BN Microtopography Flood 4.45  2.40 ++ 26 ++ 
  Light 3.63  5.65 * 22 ++ 
  Soil 3.33  5.03  22 ++ 
 Flood Light 3.68  11.68 ** 15  
  Soil 4.42  10.92 ** 19 + 
         
BS Microtopography Flood 3.55  1.16 +++ 34 +++ 
  Light 5.01 * 6.16 ** 11  
  Soil 5.02  6.24 ** 6  
 Flood Light 4.70  10.51 *** 8  
  Soil 4.94  14.17 *** 8  
         
KT1N Microtopography Flood 3.11  5.97 * 21 ++ 
  Light 2.57 + 5.16  21 ++ 
  Soil 8.59 *** 5.68 * 9  
 Flood Light 4.93 * 4.63 * 10  
  Soil 5.19 * 4.49 * 7  
         
KT1S Microtopography Flood 2.42  1.28 +++ 29 +++ 
  Light 7.16 *** 7.86 *** 2 ** 
  Soil 4.66 * 6.13 ** 7  
 Flood Light 5.81 *** 9.41 *** 1 *** 
  Soil 3.29  7.23 *** 10  
         
KT3 Microtopography Flood 11.09 *** 3.85  21 + 
  Light 3.65  2.55 ++ 22 + 
  Soil 2.44 + 2.87 + 21 + 
 Flood Light 3.71  6.10 *** 22 + 
  Soil 3.71  9.68 *** 14  
         
MN Microtopography Flood 4.87  3.04  27 +++ 
  Light 7.41 *** 4.89 * 13  
  Soil 3.72  3.61  22 + 
 Flood Light 5.80 * 5.76 * 11  
  Soil 4.25  6.44 ** 14  
         
MS Microtopography Flood 1.06 +++ 1.17 +++ 21 +++ 
  Light 3.76  2.10 ++ 13 ++ 
  Soil 1.99 +++ 2.05 ++ 15 ++ 
 Flood Light 2.75 + 2.39 + 13 + 
  Soil 2.65 + 2.64  13 + 
                  
Notes: + P ≤ 0.05; ++ P ≤ 0.01; +++ P ≤ 0.001 for positive relationships (two boundaries are 
significantly closer to each other than reference distributions, which are obtained by 10,000 
random permutations). * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001 for negative relationships (two 
boundaries are significantly far apart from each other). 
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Table 11. Frrequency of significant boundary effects of four environmental 
variables on different plant community measures.  
Vegetation    n Microtopography Flood Soil Light 
  
 
    
Herb cover 7 1.00 0.43 0.43 0.57 
 P-A 7 0.86 0.43 0.43 0.29 
  
 
    
Shrub cover 7 0.43 0.43 0.57 0.71 
 P-A 7 0.57 0.14  0.14 
  
 
    
Understory Cover 7 1.00 0.71 0.43 0.57 
 P-A 7 0.71 0.57 0.29 0.43 
  
 
    
Species P-A 7 0.86 0.86 0.29 0.71 
  
 
    
Overstory density 7 0.43 0.29 0.57  
 basal area 7 0.43 0.43 0.43  
 P-A 7 0.29 0.43 0.57  
  
 
    
Total  70 0.66 0.47 0.24 0.37 
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Table 12. Strength of siginificant boundary effects of four environmental variables on 
different plant community measures. A full boundary effect indicates that the locations of the 
environmental boundaries affect the locations of the vegetation boundaries, and a partial 
boundary effect indicates that the locations of some environmental boundaries do not affect 
the locations of the vegetation boundaries.  
   Microtopography Flood Soil Light 
Vegetation  Type Average* Average* Average* Average* 
 
 
     
Herb cover Full 2.17 2.43 2.33 1.80 
  Partial 1.50  2.00  
 P-A Full 2.33 3.17 1.00 2.00 
  Partial 1.00  1.00 1.00 
 
 
     
 total  2.00 2.77 1.63 1.67 
       
Shrub cover Full 2.00 2.00 2.33 2.33 
  Partial    3.00 
 P-A Full 1.67 2.00 2.00  
  Partial 1.50   2.50 
 
 
     
 total  1.83 1.83 2.25 2.57 
       
Understory cover Full 2.27 3.17 2.67 1.83 
  Partial 2.33 2.00 2.00 2.00 
 P-A Full 1.25 1.25 1.00  
  Partial 1.75 1.50  1.75 
 
 
     
 total  2.00 2.13 2.20 1.82 
       
Species P-A Full 1.83 1.50 2.33 2.00 
  Partial 1.67 1.80  2.67 
 
 
     
 total  1.78 1.67 2.33 2.17 
       
Overstory density Full 2.00 2.67 1.67  
  Partial     
 basal area Full 1.50 2.00 1.00  
  Partial 1.33    
 P-A Full 2.00 4.00 1.00  
  Partial 1.00 1.00   
 
 
     
 total  1.64 2.22 1.33  
       
Overall quantitative Full 2.11 2.46 2.15 1.94 
  Partial 1.75 2.00 2.00 2.67 
 P-A Full 1.85 2.25 1.44 2.17 
  Partial 1.46 1.60 1.50 1.92 
 
 
     
 total Full 2.02 2.38 1.86 1.94 
  Partial 1.57 1.58 1.75 2.07 
 
 
     
 overall  1.90 2.19 1.85 2.00 
 
 
     
Notes: * Average P-value of significant overlap statistics of the boundary effect (1 = P < 0.05, 2 
= P < 0.01, 3 = P < 0.001, 4 = P < 0.0001) for different plant community measures. 
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Table 14. Riparian-upland species compositional 
changes with flood frequency.  
Site  Riparian  Upland 
     
BN   -0.024   -0.023  
BS  -0.034   0.001  
KT1N  -0.037   0.044  
KT1S  -0.015   0.025  
KT3  -0.023   0.043  
MN  -0.007   0.019  
MS   -0.055    -0.013   
       
Notes:  Slope of simple linear regression was tested 
against H0: B1 ≥ 0 for riparian species and H0: B1 ≤ 
0 for upland species in one tail test.  P ≤ 0.001;  P 
≤ 0.00001.  
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Table 15. Significant overlap statistics between boundaries based on the riparian-upland 
transitions and community boundaries for different vegetation measures. 
Site x y Ox Oy Oxy Os 
       
BN UC 5.03  0.59 + 4.35  19 + 
  TD 8.94  1.06   7.44   14 ++ 
          
BS 
Riparian-
Upland 
transitions FF 9.97 *** 0.72 + 7.54 *** 37 + 
  UC 8.41  0.58 + 7.21 * 20 + 
   SPPA 7.13  0.54 + 6.12   20 + 
           
KT1N  HC 2.15 +++ 0.62 +++ 1.64 +++ 22 +++ 
  HPA 3.33 +++ 0.26 +++ 2.31 +++ 22 +++ 
  SC 4.24 ++ 2.48  3.85 + 11  
   TD 4.58 + 2.31   4.10   14   
           
KT1S  FF 10.42 ** 3.08 + 6.84  9 + 
  HC 6.71  3.32  5.10  9 + 
  UC 6.56  3.00  4.83  10 + 
  TD 3.01 + 5.86  4.40  6  
  TBA 3.38 + 5.97  4.65  6  
  TPA 3.18 + 4.55  3.85  9  
   SPPA 3.57 + 4.96   4.25   4   
           
KT3  FF 8.71 ** 0.42 + 7.24 * 22 + 
  HC 7.97 * 0.91 + 6.74  20 + 
   HPA 5.06  1.70   4.47   20 + 
           
MN  SC 4.26 + 3.70  4.12  16  
  SPA 7.34  2.48  6.12  18 + 
    TD 5.38  2.52   4.70   22 + 
           
Notes: + P ≤ 0.05; ++ P ≤ 0.01; +++ P ≤ 0.001 for positive relationships (two boundaries are 
significantly closer to each other than reference distributions, which are obtained by 10,000 
random permutations). * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001 for negative relationships (two 
boundaries are significantly far apart from each other). A bold lettered vegetation measure 
indicates the plant community boundaries of the measure were significantly affected by the flood 
boundary through a direct pathway. 
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Table 18. Summary table for the effective flood frequencies or the riparian maintenance flows 
based on partial Mantel test, MRPP, and floristic characteristics derived from DCA and ISA 
(Indicator Species Analysis). 
Study 
area Vegetation 
Partial 
Mantel test MRPP 
Floristic 
characteristics 
(Consistency 
Index) 
Effective 
flood 
frequency 
      
BN H 1 1 ≤ 4 ≤ 4 
 S 1-4 1 ≤ 4 ≤ 4 
 US 1 1 ≤ 4 ≤ 4 
 SP 1 1 ≤ 4 ≤ 4 
      
KT1N H 1-7 lower frequency ≤ 10 ≤ 10 
 S all all ≤ 13 ≤ 13 
 US 1-9 lower frequency ≤ 9 ≤ 9 
 TD all lower frequency ≤ 7, ≥45 ≤ 7, ≥45 
 TBA all higher frequency ≤ 11 ≤ 11 
 SP 1-8 all ≤ 9 ≤ 9 
      
KT1S H all all ≤ 3 ≤ 3 
 US all all ≤ 4 ≤ 4 
 SP all all ≤ 3 ≤ 3 
      
KT3 H ≤ 8 all ≤ 5 ≤ 5 
 S ≤ 12 higher frequency ≤ 8 ≤ 8 
 US ≤ 8 higher frequency ≤ 8 ≤ 8 
 TD all 3 4-9, ≥35 ≤ 9, ≥35 
 TBA all 1 4-9, ≥35 ≤ 9, ≥35 
 SP ≤ 7 higher frequency ≤ 4 ≤ 4 
      
MN S 2 higher frequency ≤ 4 ≤ 4 
      
MS H ≥ 3 ≥ 4 ≥ 4 ≤ 4 
 US ≥ 4 ≥ 4 ≥ 3 ≤ 3 
 TD all ≥ 4 ≤ 6, ≥35 ≤ 6, ≥35 
 TBA all all ≤ 6, ≥35 ≤ 6, ≥35 
 SP ≥ 4 ≥ 4 ≥ 9 ≤ 4 
           
Notes: Lower or higher frequency for MRPP indicates the range of the effective flood frequency 
which are located toward lower or higher end of flood frequency. 
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APPENDICES 
Appendix 1-a. Partial Mantel statistics matrix among measured and unmeasured variables. 
  Y 
Site X Flood Microtopography Soil Light 
      
BN Space -0.05  0.18 * -0.04  0.07  
 Flood   0.72 * -0.02  -0.10  
 Microtopography     0.56 * 0.13  
          
BS Space -0.13  0.33 * 0.30 * 0.05  
 Flood   0.77 * -0.31  0.05  
 Microtopography     0.09  -0.01  
          
KT1N Space -0.02  0.43 * 0.09  0.15 * 
 Flood   0.40 * 0.04  -0.05  
 Microtopography     -0.05  0.06  
          
KT1S Space 0.45 * 0.42 * 0.32 * 0.11 * 
 Flood   0.90 * -0.18  0.09  
 Microtopography     -0.14  0.06  
          
KT3 Space 0.36 * 0.38 * 0.02  -0.14  
 Flood   0.25 * 0.00  0.11 * 
 Microtopography     0.22 * -0.07  
          
MN Space -0.08  0.12 * 0.05  0.11 * 
 Flood   0.40 * -0.06  -0.14  
 Microtopography     0.21 * 0.21 * 
          
MS Space -0.01  0.27 * 0.02  0.02  
 Flood   0.78 * 0.47 * 0.63 * 
 Microtopography     -0.08  -0.10  
          
Notes: * P < 0.0001.  
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Appendix 1-b. Partial Mantel statistics matrix between measured and unmeasured variables and 
vegetation measures. 
Site Vegetation Space Flood Microtopography Soil Light 
       
BN HC 0.22 * -0.03  0.14 * 0.15 * 0.22 * 
 HPA 0.29 * -0.03  0.20 * 0.13 * 0.12 * 
 SC 0.25 * 0.10 * 0.04  -0.01  -0.02  
 SPA 0.20 * 0.06  0.11 * 0.00  -0.01  
 USC 0.29 * 0.02  0.14 * 0.09  0.09  
 USPA 0.30 * 0.03  0.20 * 0.08  0.06  
 SPPA 0.29 * 0.05 0.20 * 0.08  0.08  
 TD 0.10 * 0.01  0.07  0.04    
 TBA 0.15 * 0.12  -0.05  0.00    
 TPA 0.09 * 0.01  0.06  0.03    
            
BS HC 0.13 * 0.11  0.03  0.05  0.08  
 HPA 0.11 * 0.14  0.01  0.02  0.08  
 SC 0.12 * -0.04  0.17 * 0.03  0.06  
 SPA 0.11 * -0.04  0.17 * 0.05  0.11  
 USC 0.17 * 0.08  0.14 * 0.04  0.09  
 USPA 0.16 * 0.09  0.16 * 0.04  0.13 * 
 SPPA 0.17 * 0.05 0.19 * 0.05  0.16 * 
 TD 0.10 * -0.04  0.11 * 0.01    
 TBA 0.20 * -0.01  -0.02  -0.04    
 TPA 0.11 * -0.05  0.12 * -0.02    
            
KT1N HC 0.26 * 0.15 * 0.22 * 0.05  0.08  
 HPA 0.25 * 0.14 * 0.28 * 0.02  0.07  
 SC 0.20 * 0.19 * 0.06  0.11 * 0.13 * 
 SPA 0.17 * 0.20 * 0.03  0.07  0.16 * 
 USC 0.31 * 0.21 * 0.17 * 0.12 * 0.15 * 
 USPA 0.29 * 0.22 * 0.19 * 0.11  0.18 * 
 SPPA 0.28 * 0.23 * 0.20 * 0.12  0.22 * 
 TD 0.12 * 0.12 * 0.09  0.01    
 TBA 0.10 * 0.10 * 0.07  0.03    
 TPA 0.09 * 0.16 * 0.10  0.03    
            
KT1S HC 0.25 * 0.38 * 0.37 * 0.15 * 0.14 * 
 HPA 0.27 * 0.52 * 0.48 * 0.11  0.16 * 
 SC 0.09 * 0.05  0.04  0.04  0.06  
 SPA 0.10 * 0.04  0.04  0.07  0.08  
 USC 0.25 * 0.32 * 0.32 * 0.16 * 0.16 * 
 USPA 0.25 * 0.41 * 0.40 * 0.16  0.20 * 
 SPPA 0.25 * 0.35 * 0.24 * 0.19 * 0.25 * 
 TD 0.05 * 0.16 * 0.09  0.04    
 TBA 0.03  0.12  0.03  0.06    
 TPA -0.02  0.13  -0.02  0.03    
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Site Vegetation Space Flood Microtopography Soil Light 
       
KT3 HC 0.05  0.28 * 0.07  0.03  0.16 *
 HPA 0.11 * 0.34 * 0.11  0.01  0.14 *
 SC -0.01  0.34 * 0.08  0.04  0.25 *
 SPA 0.05 * 0.28 * 0.00  0.05  0.34 *
 USC 0.16 * 0.37 * 0.04  0.05  0.26 *
 USPA 0.12 * 0.36 * 0.07  0.05  0.31 *
 SPPA 0.11 * 0.34 * 0.05 0.04  0.33 *
 TD -0.03  0.14 * 0.00  0.01    
 TBA -0.01  0.12 * 0.00  0.02    
 TPA 0.04 * 0.13 * 0.01  0.01    
            
MN HC 0.22 * -0.01  0.27 * 0.17 * 0.18 *
 HPA 0.22 * -0.01  0.30 * 0.18 * 0.20 *
 SC 0.18 * 0.00  0.20 * 0.08 * 0.14 *
 SPA 0.15 * 0.02  0.23 * 0.12 * 0.14 *
 USC 0.26 * -0.05  0.32 * 0.18 * 0.22 *
 USPA 0.23 * -0.01  0.34 * 0.21 * 0.22 *
 SPPA 0.26 * 0.07  0.39 * 0.22 * 0.25 *
 TD 0.14 * -0.06  0.20 * 0.09 *   
 TBA 0.10 * -0.03  0.06  0.04    
 TPA 0.14 * -0.07  0.23 * 0.07    
            
MS HC 0.21 * 0.40 * 0.13  0.04  0.13  
 HPA 0.18 * 0.47 * 0.17 * 0.05  0.33 *
 SC 0.24 * 0.05  0.21 * 0.01  0.05  
 SPA 0.16 * 0.13  0.22 * 0.01  0.07  
 USC 0.26 * 0.31 * 0.22 * 0.03  0.12  
 USPA 0.23 * 0.38 * 0.25 * 0.04  0.27 *
 SPPA 0.21 * 0.44 * 0.20 * 0.05  0.32 *
 TD 0.03  0.44 * -0.05  0.16    
 TBA 0.01  0.32 * -0.11  0.04    
 TPA 0.02   0.45 * 0.00   0.26       
            
Notes: * P < 0.0001.  
